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Chapter 1 

Food Allergies: General Introduction  

 

A food allergy is defined by the National Institute of Allergy and Infectious Diseases (NIAID, US) as “an 

adverse health effect arising from a specific immune response that occurs reproducibly on exposure 

to a given food” (Boyce et al., 2011). The first allergic reaction to food has been described two thousand 

years ago in the first century by the ancient Greek physician Hippocrates who reported a reaction to 

milk (Sampson, 1999). Due to the rising prevalence, food allergy is nowadays recognized as one of the 

major public health issues. According to the European Academy of Allergy and Clinical Immunology 

(EAACI), about 17 million Europeans suffer from food allergies, 3.5 million of them less than 25 years 

old1. 

1.1. Prevalence of food allergies 

The last decades, the prevalence of food allergy appears to be increasing for reasons not yet clear 

(Benedé et al., 2016). It is estimated that at least 1 to 2 % of the population is affected by a particular 

food allergy (Sampson et al., 2014; Sicherer & Sampson, 2018). The majority of the food allergic 

patients are children, under four years old, due to their vulnerable developing immune system. A 

summary of the prevalences of food allergies caused by the major food allergens in Europe 

(responsible for over 90 % of food allergic reactions, see section 1.4 Major food allergies and 

responsible allergens) are listed in Table 1- 2. These prevalences are, however, dependent on the 

specific countries due to geographical and dietary variations (Soon & Manning, 2017). Despite a 

number of prevalence studies, the accuracy of the prevalence is still lacking due to various factors, 

including a lack of standardized population study methodologies, geographic variation, variation in 

age, different diagnostic methods, the food targeted, etc. (Sicherer et al., 2011; Nwaru et al.,2014). To 

illustrate this, the study of Nwaru et al. (2014) showed that the mean prevalences of self-reported food 

allergies (allergy to cow’s milk, egg, wheat, soy, peanut, tree nuts, fish, and shellfish) were 

approximately six times higher than those proven by medical supervised oral challenge tests (see 

Chapter 2 section 2.2.1.5 Oral food challenges). 

                                                           
1 
https://www.eaaci.net/images/files/Pdf_MsWord/2011/Press_Release/17%20million%20Europeans%20allergic%20to%20f
ood;%20allergies%20in%20children%20doubled%20in%20the%20last%2010%20years.pdf 
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1.2. Classification and clinical relevance 

General adverse food hypersensitive reactions represent all the abnormal clinical responses after the 

ingestion of particular foods and can be categorized into three groups based on their 

pathophysiological mechanisms: food characteristics (e.g. toxins), food intolerance and food allergy 

(Figure 1- 1) (Cianferoni & Spergel, 2009). 

Food intolerance is a non-immunological, dose-dependent food hypersensitive condition and can be 

caused by a specific disorder of the patient (e.g. metabolic disorder like lactose intolerance) 

(Lomer, 2015). This is in contrast to a food allergy, which is a specific immune reaction after exposure 

to even low doses of particular food components (Cianferoni & Spergel, 2009). This immune response 

compromises all types of immune-mediated reactions caused by the innate and adaptive immune 

system (Valenta, 2015). 

Allergies were initially, according to Coombs and Gell (1975), subdivided into four subclasses based on 

the immune cells involved in the allergic reaction, namely: 

Type I reactions. These reactions are associated with the formation of specific Immunoglobulin E’s 

(IgE’s) and are also called IgE-mediated food allergies. An IgE-mediated food allergy is the most 

common and best-characterized form of a food allergy. It is associated with immediate and 

reproducible reactions and can be diagnosed by the presence of food-specific IgE’s (Cianferoni & 

Spergel, 2009). These reactions can be of multiple natures and severities, including the oral allergy 

syndrome (OAS), urticaria/angioedema, rhinoconjunctivitis/asthma, gastrointestinal symptoms 

(nausea, emesis, etc.), and, in the worst case, a circulatory collapse resulting in systemic anaphylactic 

shock. Consequently, these reactions can result in morbidity and life-threatening situations (Muraro 

et al., 2014). 

Type II and Type III reactions. These reactions are respectively associated with antibody-dependent 

cytotoxic and immune complex-mediated hypersensitivities. Both are associated with food antigen-

specific IgG’s, however, no experimental evidence currently supports the significance of these food 

allergic reactions (Lee et al., 2017). 

Type IV reactions. These reactions are associated with T-cells. An example of such a disorder is celiac 

disease in which a T-mediated inflammatory reaction occurs after the digestion of gluten in the small 

intestine (Jericho & Guandalini, 2018). 
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Figure 1- 1. Classification of the different adverse food reactions (Figure adapted from Cianferoni & Spergel, 2009) 

1.3. Pathogenesis of food allergy 

1.3.1. IgE-mediated food allergy 

The pathogenesis of an IgE-mediated food allergy occurs in sequential immune responses 

(Valenta et al., 2015) (Figure 1- 2). Sensitization is the first induction of an allergic immune response 

during a particular contact with a specific allergen (primary immune response). However, sensitization 

is not the same as the effective clinical allergic reaction. Some individuals can be sensitized towards 

specific allergens without developing clinical symptoms following exposure (McClain et al., 2014). 

For the majority of patients, sensitization appears to develop during early childhood. Contact with food 

allergens (see section 1.4 Major food allergies and responsible allergens) can occur via the 

gastrointestinal tract, respiratory tract, and skin. It leads to T-cell and IgE-memory which will be 

boosted after repeated allergen exposure (secondary immune response) and, as such, increase 

allergen-specific T-cells and the production of allergen-specific IgE’s. These will, in turn, interact after 

exposure of the responsible allergens. This causes cross-linking and binding of the IgE’s to mast cells 

and basophils via the high-affinity receptor FcεRI. The function of mast cells is to alert the immune 

system during local infection. The binding and cross-linking of the IgE’s will activate the mast cells and 

basophils and will induce subsequent inflammatory reactions, such as the secretion of chemical 

mediators stored in the preformed granules and the synthesizing of leukotrienes and cytokines. This 

process triggers the release of granules containing inflammatory mediators (e.g. histamines, 

prostaglandins, and leukotrienes) which induces the allergic reactions. Due to the direct activation of 

these immune cells, this process is called the immediate allergic reaction. The severity of the reactions 

is dependent on the digested amount of allergen, the stability of the allergen against digestions, and 

the permeability of the epithelial barrier. Since the response can cause intense inflammations, life-
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threatening reactions can occur such as a vascular collapse and anaphylactic shock. Furthermore, late 

phase and delayed food allergic reactions can occur which are less obvious to be observed in 

comparison to the immediate responses. These late phase reactions, which can evolve after 8 - 12 

hours of allergen exposure, occur due to the recruitment of other immune cells, such as TH2 

lymphocytes, eosinophils, and basophils. This can cause e.g. smooth muscle contractions, edema, and 

the development of allergic asthma. In addition to the late-phase responses, delayed-type reactions 

can occur 24 – 48 hours after allergen contact. These reactions resemble features of a type IV 

hypersensitivity reaction, namely the involvement of allergen-specific T cells which can cause, for 

example, atopic dermatitis in allergic patients. A more detailed introduction into the pathogenesis of 

food allergy can be found in the work of Valenta et al. (2015). 

 

Figure 1- 2. Pathogenesis of an IgE-mediated peanut allergy (figure adapted from Burks, 2008) 

IgE-mediated food allergies can also be subdivided based on the physical/chemical features of the 

responsible allergens and the immunological mechanisms provoking the sensitization of this allergy 

(Cianferoni & Spergel, 2009). Based on these features, two major classifications are distinguished: 

Class 1 food allergies (primary allergies, e.g. milk, egg, or peanut allergy) are caused by primary 

sensitization to disease-eliciting food allergens, leading to symptoms upon secondary contact when 

ingesting the same allergen. These food allergies develop by sensitization through the gastrointestinal 

tract when the oral tolerance is disrupted, mostly caused by digestive and heat stable allergens. 

Recently, the skin has also garnered significant interest as a potential important route for allergic 

sensitization. For example, epidemiologic data suggest that sensitization to peanut protein can occur 

in children via exposure of inflamed skin to peanut oils (Izadi et al., 2015). Class 1 allergies are most 
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frequently observed in children and mostly associated with severe allergic reactions. Resistance to the 

action of digestive enzymes and acidic pH by stable allergens is associated with an increased risk of 

systemic reactions since these allergens are capable to provoke allergic symptoms via the digestive 

immune system (Cianferoni & Spergel, 2009). 

Class 2 food allergies (secondary allergies), on the other hand, occur when an adaptive immune 

response to a particular antigen causes reactivity to other antigens that are structurally related to the 

sensitizing antigen. The allergens involved in the sensitization process are thus different than those 

which elicit the effective food allergic reaction. This can be an advantage for infections but not for 

autoimmune diseases and allergic disorders (García & Lizaso, 2011). Sensitization is mostly caused by 

airborne allergens (e.g. the major birch pollen allergen Bet v 1) or contact allergens (e.g. the major 

latex allergen Hev b 6.02) in the respiratory tract and the skin, respectively. Due to homology between 

these allergens and food allergens, immune responses can cross-react with particular food allergens 

after ingestion. For example, the major hazelnut allergen Cor a 1 is a typical Class 2 food allergen which 

shows 50 % sequence identity with the birch allergen Bet v 1 (Popescu, 2015). Class 2 food allergies 

are typically more prevalent in older children and adults and, generally, cause less severe allergic 

reactions (Żukiewicz-Sobczak et al., 2013). Class 2 food allergens also tend to lack the capacity to 

induce IgE-sensitization via the gastrointestinal tract due to their susceptibility to different food 

processing techniques (e.g. heating, baking, fermentation, etc.) and gastric digestion 

(Verhoeckx et al., 2015). Class 2 allergic reactions are therefore mostly limited to the oral cavity, like 

the oral allergy syndrome (OAS). OAS is a condition characterized by IgE-mediated immediate allergic 

symptoms which are restricted to the oral mucosa. Specific symptoms are itching, stinging pain, and 

vascular edema of the lips, tongue, palate, and pharynx with a sudden onset, occasionally accompanied 

by itching of the ear, and feeling of tightness of the throat (Kondo & Urisu, 2009). 

1.3.2. Non-IgE mediated food allergy 

Reactions which do not involve IgE’s are referred to as non-IgE mediated reactions. These involve T-

cells and other immune cells such as eosinophils, in an IgE-independent pathway. These reactions are 

mostly associated with the gut mucosal immune system, such as the dietary protein-induced allergic 

proctocolitis (FPIAP), food protein-induced enterocolitis syndrome (FPIES), and celiac disease. FPIAP 

and PPIES are both gastrointestinal disorders which start both at early infancy and resolve mostly by 

late infancy. FPIAP is, in general, the cause of rectal bleeding. It is caused by inflammation of the distal 

colon due to the response to one or more particular food proteins (mostly cow’s milk and soy proteins) 

in a non-IgE dependent matter (Connors et al., 2018). FPIES, on the other hand, is commonly 

characterized by profuse vomiting and diarrhea in young children. Poor growth may occur due to 

continual ingestion. The most common FPIES triggers are cow's milk and soy. However, any food can 
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cause an FPIES reaction, even those not commonly considered allergens, like rice, oat, and barley 

(Leonard & Nowak-Węgrzyn, 2015). Celiac disease is a permanent sensitivity to gluten, resulting in a 

disorder of the small intestine associated with the involvement of other organs. Its enteropathy may 

appear at any age and is characterized by a wide variety of clinical signs and symptoms which go 

beyond the gastrointestinal tract (Jericho & Guandalini, 2018). 

Besides gastrointestinal disorders, the skin (contact dermatitis to foods and dermatitis herpetiformis) 

and lungs (Heiner syndrome) can also be affected by non-IgE mediated food allergies (Nowak-Węgrzyn 

et al., 2015). 

There is less understanding concerning this particular allergy and its clinical relevance can be 

underestimated in most of the cases. This can be explained by the typical late-onset of signs and 

symptoms, which makes the association between the responsible food ingredients and allergic 

reaction rather difficult. Unlike the IgE-mediated food allergy, this allergy is rarely life-threatening 

(Connors et al., 2018). 

1.3.3. Symptoms of food allergy 

Symptoms of food allergy can range from mild to severe and life-threatening, and the severity of the 

reactions is multifactorial and variable. The severity, however, cannot be predicted by the severity of 

past reactions and by diagnostic measurements and is dependent on the following parameters 

(Table 1- 1) (Sicherer & Sampson, 2014): 

I) The immunopathology (IgE-, non-IgE-mediated or mixed); 

II) The disorder; 

III) The degree of allergen processing (cooked, raw, processed); 

IV) The allergen food intake dose; 

V) The co-ingestion of other foods; 

VI) The age of the patients; 

VII) The degree of sensitization at the time of ingestion; 

VIII) The degree of food absorption (food is taken on an empty stomach, exercise, other 

comorbid conditions such as asthma, atopic dermatitis, etc.). 

 



 

 

Table 1- 1. Food-induced allergic disorders (adapted from Sicherer & Sampson, 2014) 

Immunopathology Disorder Key features Typical age Most common causal foods Natural course 

IgE-antibody dependent 

(acute onset) 

Urticaria/angioedema Triggered by ingestion or direct skin contact (contact-urticaria)/ food 

commonly causes acute (20 %) but rarely chronic (2 %) urticaria 

Children > adults Primarily ‘‘major allergens’’: egg, milk, wheat, 

soy,  peanut, tree nuts, fish, shellfish 

Undefined 

 
Oral allergy syndrome 

(pollen-associated, food-

allergy syndrome) 

Pruritus, mild edema confined to oral cavity/ Uncommonly progresses 

beyond mouth (7 %), or anaphylaxis (1 to 2 %)/ Might increase after 

pollen season 

Onset after pollen allergy 

established (adult >young 

child) 

Raw fruit and vegetables/ Cooked forms 

tolerated; examples of relationships: birch 

(apple, peach, pear, carrot), ragweed (melons) 

Might be long-

lived and vary 

with seasons 

 
Rhinitis, asthma Symptoms might accompany a food-induced allergic reaction but rarely 

an isolated or chronic symptom/ Might also be triggered by inhalation of 

aerosolized food protein 

Infant/child > adult, except 

for occupational disease 

(e.g. baker’s asthma) 

Generally: major allergens/ Occupational: e.g. 

wheat, egg, seafood 

Depending on 

food 

 
Immediate gastrointestinal 

hypersensitivity 

Immediate isolated vomiting (more often, gastrointestinal symptoms are 

associated with anaphylaxis) 

Any Major food allergens Depending on 

food 

 
Anaphylaxis Rapidly progressive, multiple organ system reaction can include 

cardiovascular collapse 

Any Any but more commonly peanut, tree nuts, 

shellfish, fish, milk, and egg 

Depending on 

food 

 
Delayed food-induced 

anaphylaxis to mammalian 

meats 

Several-hour delay after ingestion Any - Related to tick bites Beef, pork, lamb Undefined 

IgE-antibody dependent 

(acute onset) 

Food-associated, exercise-

induced anaphylaxis 

Food triggers anaphylaxis only if ingestion followed temporally by 

exercise 

Onset more commonly in 

later childhood/ adulthood 

Wheat, shellfish, celery most described Presumed 

persistent 

Mixed-IgE-antibody 

associated/cell-mediated 

(delayed-onset/ chronic) 

Atopic dermatitis Associated with food in +/- 35 % of children with moderate-to-severe 

rash 

 

 

Infants > child > adult Major allergens, particularly egg and milk Typically 

resolves 

 

 
Eosinophilic gastro-

enteropathies 

Symptoms vary on site(s)/degree of eosinophilic inflammation/ 

Esophageal: dysphagia, pain/ Generalized: ascites, weight loss, edema, 

obstruction 

 

 

 

Any 

 

 

 

Multiple Likely 

persistent 



 

 

 

Immunopathology Disorder Key features Typical age Most common causal foods Natural cause 

Non–IgE-mediated (delayed-

onset/ chronic) 

Food protein-induced 

enterocolitis syndrome 

Primarily affects infants/ Chronic exposure: emesis, diarrhea, poor 

growth, lethargy/ Re-exposure after restriction: emesis, diarrhea, 

hypotension (15%) 2 hours after ingestion 

Infancy Cow’s milk, soy, rice, oat/ Multiple other solids 

have been identified 

Usually resolve 

 
Food protein-induced allergic 

proctocolitis 

Mucus-laden bloody stools in infants Infancy Milk (through breastfeeding) Usually resolve 

 
Heiner syndrome Rare disorder/ Pulmonary infiltrates/ Upper respiratory tract symptoms/ 

Failure to thrive/ Iron deficiency anemia 

Infancy Milk Undefined 

Non–IgE-mediated (delayed-

onset/ chronic) 

Celiac disease Auto-immune disorder leading to enteropathy and malabsorption/ 

Occurs in persons with a genetic disposition and is triggered by gliadin, a 

gluten protein found in wheat and related grains 

 

Might be asymptomatic or 

present at any age 

Gluten (e.g. wheat, rye, barley) Lifelong 

Cell-mediated Allergic contact dermatitis A form of eczema to chemical haptens that are additives or naturally 

occurring in foods 

Adult Metals Undefined 
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1.4. Major food allergies and responsible allergens 

In theory, food allergic patients can react to all types of food ingredients. Although more than 

170 foods have been reported to cause IgE-mediated reactions, most food allergic reactions are caused 

by a few food ingredients (Boyce et al., 2011). For this reason, since 1999, the World Health 

Organization (WHO) Codex Alimentarius Commission established guidelines for the “big eight” major 

allergens (milk, egg, fish, shellfish, peanut, tree nuts, soy, and wheat), which should be considered for 

food allergen labeling (McClain et al., 2014). Milk, egg, wheat, peanut, tree nuts, sesame, fish, fruits, 

and vegetables are the most common causes of food allergies in Europe. Milk, egg, and wheat allergy 

occur mostly in young children and these are mostly outgrown during childhood or adolescence. 

Peanut, tree nuts, and fish allergies, on the other hand, are most persistent during adulthood 

(Valenta et al., 2015). For a complete overview of the major allergens, see Table 1- 2. 

Food allergens are defined as the specific components of food or ingredients within food (typically 

proteins, but sometimes also chemical haptens) that are recognized by allergen-specific immune cells 

and elicit specific immunologic reactions, resulting in characteristic symptoms (Boyce et al., 2011). 

Despite the immense diversity of food proteins, only a few protein families account for the vast 

majority of the allergic reactions. Proteins are included in the same family once they either contain at 

least 30 % of identical amino acid residues or have lower sequential similarity but their functions and 

spatial structures are similar. Allergens exist for a vast number of families with diversified biological 

and functional properties. The SDAP database2 of structures of allergenic proteins assigns all presently 

known allergens to 130 of the 16295 Pfam families (Ivanciuc et al., 2003). Pfam families are families 

grouped together into superfamilies (e.g. the prolamin superfamily). Proteins that are in general 

described as the most important allergens can be classified into approximately 30 to 40 protein 

families. The most important families and selected allergenic member proteins will be discussed below, 

based on the work of Matricardi et al. (2016). 

• Prolamin superfamily: Members of the prolamin superfamily include the cereal prolamin seed 

storage proteins (gliadins and glutenins) and several families of disulfide-rich small proteins 

belonging to the bifunctional inhibitors, the 2S albumin seed storage proteins, and the 

nonspecific lipid transfer proteins (nLTPs). Cereal prolamins (seed storage proteins) and 

bifunctional inhibitors are exclusively found in the grains of cereal grasses. The 2S albumins 

are a major group of plant seed storage proteins. Many of the important seed and tree nut 

allergens are 2S albumins. The nsLTPs play a role in plant defense against fungi and bacteria. 

                                                           
2 fermi.utmb.edu/SDAP/ 
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Allergenic nsLTPs are a large group of proteins that are resistant to heat and digestion and are 

found in high concentrations in epidermal tissues of fruits. They are major allergens of fruits 

from the Rosaceae family. In addition, allergenic nsLTPs are present in nuts, seeds, vegetables, 

and Hevea brasiliensis latex. Besides their presence in plant foods, nsLTPs are also expressed 

in pollen of weeds, olive, and plane. 

• EF-hand superfamily: This superfamily contains a wide range of calcium-binding proteins and 

the main functions include signaling and calcium buffering or transport. Members of this family 

include polcalcins (present in pollen) and parvalbumins. Parvalbumins are found in fast-twitch 

muscle fibers of vertebrates and bind calcium ions during muscle relaxation. Parvalbumins 

from fishes and amphibians are major food allergens eliciting IgE responses in most fish-

allergic individuals. 

• Profilin-like superfamily: Profilins are small cytosolic proteins that are found in all eukaryotic 

cells. Profilins bind to monomeric actin and various other muscle proteins, thus regulating the 

dynamics of actin polymerization during processes such as cell movement, cytokinesis, and 

signaling. 

• Tropomyosin-like superfamily: Tropomyosins are present in muscle and non-muscle cells. In 

striated muscle, they mediate the interactions between the troponin complex and actin to 

regulate muscle contraction. They are identified as animal food allergens in crustaceans, 

mollusks, and the fish parasite Anisakis simplex. They are also identified as inhalant allergens 

in arthropods (mites, cockroaches). Tropomyosin sequences are highly conserved, which 

explains the frequent cross-sensitization among tropomyosin containing allergen sources. 

• Cupin superfamily: The cupins are a large and functionally immensely diverse superfamily of 

proteins that have a common origin and whose evolution can be followed from bacteria to 

eukaryotes including animals and higher plants. Members are the bicupins, vicilins, and 

legumins. The largest families of bicupins are the 7/8S and 11S seed storage globulins that are 

the major components of plant seeds and are important sources of allergens.  

• Bet v 1-like superfamily: This family contains fourteen families with sequences related to the 

major birch (Betula verrucosa) pollen allergen Bet v 1. The families with identified allergens 

are the pathogenesis-related protein subfamily 10 (PR-10), RRP (ripening-related 

proteins)/MLP (major latex proteins) and CSBP (cytokinin-specific binding proteins) 

subfamily. 

• Calycin superfamily: This superfamily comprises sixteen families like the lipocalins (include β-

lactoglobulin, mammalian dander allergens, and cytoplasmic fatty acid binding proteins) 

Although structurally similar, calycins show rather low sequence similarities. 
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• Double-psi beta-barrel superfamily: This family comprises families of grass-pollen allergens. 

Panallergens are referred to as allergens which exhibit a high degree of structural homology with each 

other, causing cross-reactivity between diverse food products, tree/grass pollens, and latex. They 

encompass families of related families, which are involved in the general vital processes in plants, and 

are thus widely distributed in nature (Cianferoni & Spergel, 2009; Hauser et al., 2010). They share 

highly conserved sequence regions, structure, and functions. Sensitization to panallergens can be 

problematic due to the risk of developing multiple sensitizations towards various food products. The 

clinical manifestations are correlated with geographical and exposure factors (Hauser et al., 2010). A 

summary of the common panallergens is given in Table 1- 3. 

The existence of panallergens is the cause of very common syndromes in food allergic patients, such 

as the latex-fruit syndrome and pollen-food syndromes. The latex-fruit syndrome is the association 

of latex allergy with plant food allergens which affects up to 50 % of the latex-allergic patients. The 

involved fruits in this syndrome, which are responsible for the most severe allergic reactions, are 

banana, avocado, chestnut, and kiwi. The homology between the hevein (Hev b 6.02) of the latex with 

the hevein-like N-terminal domain of the class I chitinases of plants (70 % identity) is the major 

responsible cause of this syndrome. Of the pollen-food syndromes, the birch-plant syndrome is very 

common in West-Europe compared to Southern Europe, where birch trees and related species are not 

cultivated due to higher temperatures. Up to 70 % of patients allergic to pollen from birch and other 

Fagales experience allergic reactions to plant foods. The foods which are most frequently involved are 

the Rosaceae (especially apple), nuts (mainly hazelnut), and vegetables from the Apiaceae family 

(mainly celery and carrot). The major responsible allergen, which is involved in more than 90 % of the 

patients with allergy to plant foods associated with allergy to birch pollen, is the Bet v 1 allergen 

(Nowak-Wegrzyn, 2007). For an overview of the different pollen-fruit syndromes, see Figure 1- 3. 
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Figure 1- 3. Pollen-food cross-reactivity table (figure adapted from www.uptodate.com ©2017 UpToDate®)

http://www.uptodate.com/


 

 
 

Table 1- 2. Summary of the thirteen protein derived allergens presented in the EU legislation 

Ingredient Prevalence Major allergens* 

COW’S MILK 1,2 • Most occurrence in infancy worldwide 

• Prevalence of 2 – 3 % in the infant population, < 1 % of children 

are 6 years of age or older 

• Casein:  α 1-, α s2-, β -, κ –, and γ-caseins 

• Whey: α-lactalbumin, α -, β -lactoglobulin, bovine serum albumin, lactoferrin, and immunoglobulin.   

HEN’S EGG 1,3 

 

• One of the major food allergies in infancy worldwide (after 

cow’s milk allergy) 

• Prevalence of 0.5 – 2.5 % in young children. 

• Most of the allergenic egg proteins are found in egg white including ovomucoid, ovalbumin, ovotransferrin, 

and lysozyme. Although ovalbumin is the most abundant protein comprising hen’s egg white, ovomucoid has 

been shown to be the dominant allergen in egg. 

• Serum albumin and a fragment of the vitellogenin-1 precursor have been reported as egg yolk allergens. 

FISH 1,4,5 • Global prevalence of 0.2 – 2.29 %. 

• More common in regions with a high fish rate consumption. 

• Fish allergens have been identified in various parts of the fish, including fish muscle, skin, bones, roe, milt 

(seminal fluid), and blood. 

• Parvalbumin, aldolase A, β-enolase, tropomyosin, and vitellogenin have been registered as official fish 

allergens. 

• The major fish allergen, despite the great range of different fish species, is parvalbumin (fish muscle protein). 

CRUSTACEAN 1,5,6 • Global prevalence of 0.5 – 2.5% 

• Affects predominantly older children and adults, more 

common in regions with a high crustacean rate consumption.  

• Crustacean allergens are proteins mostly found in the muscle tissue, cephalothorax or in roe. 

• The major allergen is a tropomyosin, belongs to a family of proteins associated with the thin filament in muscle 

cells and microfilaments in non-muscle cells. 

• Other allergens are arginine kinase, myosin light chain, sarcoplasmic calcium-binding protein,  troponin C, and 

triosephosphate isomerase.  

TREE NUTS 1,7 • Global prevalence of 0.05 – 4.9 %  • Major tree nut allergens are seed storage proteins (e.g. vicilins, legumins, 2S albumins, LTPs) 

• Other tree nut allergens: Profilins, hevein-related proteins & PRs. 

• Profilins, hevein-related proteins, PRs, and LTPs are considered as panallergens because of their contribution 

to the allergenicity of a wide variety of pollens, nuts, seeds, fruits, and vegetables and their propensity for 

exhibiting a significant degree of IgE-mediated cross-reactivity. 

PEANUTS 1,8,9 • Prevalence of 0.2 –  0.3%  in Europe  • The major allergens are seed storage proteins of the 7S globulin and 2S albumin families with the latter family 

also containing two minor 2S albumin allergens. 

• Agglutinin (lectin), 11S storage globulin, profilin, Betv 1-related, and oleosin proteins have also been described 

as relevant peanut allergens. 

 

 



 

 
 

Prevalence: if stated ohterwise, these are estimated with provocation studies. 1 Matsuo, Yokooji & Taogoshi (2015)/ 2 Koletzko et al (2012)-/ 3 Wang (2011)/ 4 Sharp & Lopata (2014)/ 5 Ruethers et al ( 2018)/ 6 Woo & 

Bahna (2011)/ 7 McWilliam et al. (2015)/ 8 Nwaru et al. (2014)/ 9 Mueller, Maleki & Pedersen (2014)/ 10 Moonesinghe et al. (2015)/ 11 Lopata (2017) 

Ingredient Prevalence Major allergens* 

WHEAT 1,8 • Prevalence of 3.0 – 4.2 % in Europe  • The allergens wheat can be classified as water/salt-soluble proteins (albumin and globulin) and the insoluble 

protein, gluten. 

SOY 8 • Prevalence of 0.3 – 0.6 % in Europe  • Allergens: the soybean Kunitz trypsin inhibitor, the thiol-protease Gly mBd 30k, the a-subunit of the major 

storage protein b-conglycinin, the acidic chain of the major storage protein glycinin G1 subunit, an 

agglutinin/lectin precursor and the basic chain of the glycinin G2 subunit. 

CELERY 10 • Prevalence of 5.5 % in Europe (based on self-reported cases)  • Major allergens: the Bet v 1-related major celery allergen, cross-reactive carbohydrate determinants, and 

profilin. 

MUSTARD 10 

 

• Prevalence of 3 % in France, Europe (based on self-reported 

cases)  

• Major allergen of white mustard has been characterized as a seed storage protein, belonging to the 2S albumin 

family. A major allergen of the oriental mustard has also been identified as a seed-storage protein from the 

2S albumin family.  

 

SESAME 10 • Prevalence of 0.1 - 0.6 % in Europe  

 

• Several seed storage and oil body proteins in sesame seed have been identified as allergens, namely two 2S 

albumins, a 7S globulin, two oleosins, and two 11S globulins.  

LUPIN 10 • No population-based studies examined the prevalence of lupin 

allergy yet 

• The major protein component of the Lupinus species are storage proteins, the conglutins. The two main 

fractions are α- and β-conglutins, with a lesser presence of γ- and δ-conglutins. The α -conglutin protein 

belongs to the family of 11S globulins or ‘legumin-like’ globulins 

 

 

 

MOLLUSC 11 

 

 

• Prevalence of 0.15- 1.3% (however, still lack of sufficient data 

results) 

• Tropomyosin, a major muscle protein, is the only well‐recognized allergen in molluscan shellfish. 



 

 
 

Table 1- 3. Summary of the major panallergens present in food 

 

 
* For the full overview of all allergens with the nomenclature of the allergens per species, see http://www.allergome.org/ and the WHO/IUIS allergen nomenclature database (http://www.allergen.org/)  
1 Kleine-Tebbe & Jakob (2017)/ 2 Masilamani, Commins & Shreffler (2012)/ 3 Matricardi et al. (2016)

Allergens Allergic symptoms Stability Sources 

Profilins 1  

Rarely clinical symptoms, but can cause local and severe reactions 

in few patients. Associated with allergic reactions to pollen, fruit, 

and vegetables. 

Sensitive for heat and digestion, heated foods are mostly 

tolerated by the patients. 

Found in pollen and plant foods 

PR-10 proteins (Bet v 1 

homologs) 1,2 

Most common reactions are local symptoms (e.g. OAS). Associated 

with allergic reactions to pollen, fruit, and vegetables.  

Sensitive for heat and digestion, heated foods are mostly 

tolerated by the patients. 

Found in pollen and plant foods 

Serum albumins 1,3  

- Allergen implicated in pork-cat syndrome and  bird-egg syndrome 

- May elicit severe symptoms upon ingestion of not cooked or 

boiled food 

Sensitive for heat and digestion. Present in fluids and tissue, e.g., in cow’s 

milk, blood, beef, and dander 

nsLTP 1,3 
Associated with systemic and severe reactions besides OAS.  Resistant to heat and digestion; reactions to cooked foods 

are possible 

Found in plant foods and some pollen 

(e.g. mugwort) 

Tropomyosins 3 

Associated with systemic and severe reactions. Resistant to heat and digestion; reactions to cooked foods 

are possible. 

Proteins found in muscle fibers, 

responsible for cross-reactivity between 

invertebrates (e.g. house dust mite and 

shrimp) 

Storage proteins (2S albumins, 

cupins) 1 

Associated with systemic and severe reactions besides OAS.  

 

Resistant to heat and digestion. Found in seeds and nuts 

Parvalbumins 1 Associated with systemic and severe reactions besides OAS.  Resistant to heat and digestion. Major allergen in fish 

http://www.allergome.org/
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Chapter 2 

Food allergy management: a multi‐sector health issue 

2.1. Introduction 

Food allergy, an adverse health effect arising from a specific immune response that occurs reproducibly 

on exposure to a given food, affects the health and quality of life of individuals and their caregivers 

across a wide range of dimensions. Up till now, no therapy is available, so the prevention is still 

centered on the avoidance of the respective food allergens and, if a potential risk for a severe allergic 

reaction exists, readily accessible emergency medications (Wang, 2010). The elimination of the 

allergens out of the patient’s diet is not straightforward due to the complexity of maintaining an 

appropriate food allergy management strategy. Development of this strategy is still hampered by the 

lack of information in the field of food allergy diagnosis, food allergen regulation, detection, 

management, and labeling of food products. The responsibility lies thus with the different sectors who 

are active in these fields, i.e. the health care sector, the regulatory authorities, the food industry, and 

the kit suppliers/research facilities who develop/optimize food allergen detection systems. This 

chapter summarizes the different responsibilities of each sector related to food allergies, further 

explaining why food allergy management must be approached as a multi-sector issue. 

2.2. The role of the health care 

Health care must have a full knowledge concerning the gamut of food-induced allergic disorders and 

the pathophysiology to be able to offer a reliable diagnosis and helpful assistance after the diagnosis 

of a specific food allergy. Allergology (i.e. the recognition and treatment of allergic diseases) is of 

multidisciplinary nature, requiring physicians with knowledge in different fields (e.g. dermatology, 

pulmonology, pediatrics, dietetics, etc.). 

Thus, there is still a demand for research regarding i.e. following subjects (see Figure 2- 1 for an 

overview): 

I) Investigation of the different food allergy diagnostic strategies with their inherent limitations; 

II) The pathogenesis of food allergy for future therapy purposes and improved clinical assistance; 

III) Population studies to estimate the food allergy prevalences and to determine relevant threshold 

levels (see section 2.3.2.2 PAL, risk assessment, and threshold levels) (Sicherer & Sampson, 2014). 
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Figure 2- 1. Schematic overview of the different major health care responsibilities regarding food allergy 

2.2.1. Overview of the food allergy diagnostic methods 

In this chapter, only the main diagnostic methods used in the clinical routine will be summarized. Still, 

allergy diagnosis and management is not yet standardized and may vary from center to center. 

Erroneous diagnosis can lead to an unnecessary restriction of the diet which has a nutritional, social, 

and psychological impact on the patient’s quality of life. As mentioned earlier, despite the risk for 

severe allergic reactions and even death, there is no current treatment and prevention is only centered 

on the allergen avoidance or treatment of symptoms. Therefore, in the EU, the EAACI has published 

food allergy and anaphylaxis guidelines covering systemic reviews about the diagnosis of food allergy 

(Muraro et al., 2014). Also, guidelines were set up by the National Institute of Allergy and Infectious 

Diseases (NIAID) in 2010 in the United States (US), to advise health care professionals with the 

diagnosis of food allergies. Besides these guidelines, gaps were identified in the current scientific 

knowledge which must be further investigated (Boyce et al., 2010). 

Food allergy diagnostic methods can be classified into four main categories (Santos & Brough, 2017): 

• The clinical history and the physical examination of the patients (see section 2.2.1.1 History 

and Physical Examination); 

• In vivo skin prick testing (see section 2.2.1.2 In vivo skin prick test); 

• In vitro assays which reflect different aspects of the immunologic mechanisms (only relevant 

for IgE-mediated food allergies). Specifically, the amount of circulating allergen-specific IgE’s 

can be determined using immunoenzymatic assays (see section 2.2.1.3 In vitro serum IgE-

testing), and basophil activation in response to allergens can be assessed by making use of 

flow cytometry (see section 2.2.3.4 Diagnostic methods). 

• The oral provocations (see section 2.2.1.5 Oral food challenges). 

2.2.1.1. History and Physical Examination 

In general, a medical history and physical examination is the first-line approach to estimate the risk of 

an allergy and the culprit food(s) (BOX 1). The physical examination findings are most useful for 

assessing allergic diseases, like atopic dermatitis, allergic rhinitis, or asthma. 

Based on this examination, specific tests must be selected to confirm the food allergy, because this 

examination is not considered to be a reliable diagnostic tool (Boyce et al., 2010). Besides lacking 
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sensitivity and specificity, delayed food-induced allergic reactions are also difficult to diagnose with 

only the medical history of the patient. Hence, there is  a need for reliable secondary tests to diagnose 

food allergies on a reproducible and standardized basis. It is recommended that parent and patient 

reports of food allergy must be confirmed. It has been shown, for example, that self-reported adverse 

food reactions overestimate the prevalence of true food allergic reactions in children due to the 

parental perception of the child’s allergy (Baricic et al., 2015; Woods et al., 2002). Furthermore, studies 

demonstrate that 50 to 90 % of presumed food allergies are not real allergies. This discrepancy is partly 

due to a misclassification of adverse reactions to foods that are not food allergies (many causes of 

reactions to foods are not allergic in origin), for example, lactose intolerance causing bloating, 

abdominal pain, and diarrhea after consuming milk products (Boyce et al., 2010). 

BOX 1. Critical questions to be included during history and physical examination (Boyce et al., 2010) 

What are the symptoms of concern? 

What food precipitates the symptoms, and has this food caused such symptoms more than once? 

What quantity of food was ingested when the symptoms occurred? 

Was the food in a baked (extensively heated) or uncooked form? 

When did symptoms occur in relation to exposure to a given food? 

Can the food ever be eaten without these symptoms occurring? 

Were other factors involved, such as exercise, alcohol, or use of aspirin or NSAIDs? 

Have the symptoms been present at times other than after exposure to a given food? 

What treatment was given, and how long did the symptoms last? 

Are there any known inhalant allergies (pollen, house dust mite, latex…)? 

2.2.1.2. In vivo skin prick test 

One of the in vivo allergy diagnostic tests is the skin prick test (SPT). The SPT involves the provocation 

of an allergic response by pricking the skin with a needle or pin which contains a small amount of a 

specific allergenic extract/food (see Figure 2- 2). Commercially prepared food extracts or fresh foods 

can be used for this purpose. SPT is based on the presence of the cutaneous reactivity (containing mast 

cells with bound IgE’s) as a marker for sensitization in the different body areas such as the eyes, nose, 

gut, or skin (Heinzerling et al., 2013). When reactive IgE’s are present, this test will produce a wheal 

and flare response on the skin. This test can thus only be used to determine IgE-mediated food 

allergies. It is a frequently used method due to the ease of use, rapid results (15 – 20 min after allergen 

exposure to the skin), and low cost in comparison to other diagnostic methods. The SPT test is useful 

to exclude a possible IgE-mediated allergy by 90 to 95 % (negative predictive value) (Manea, Ailenei & 

Deleanu, 2016). SPTs are sensitive, but not specific for diagnosis of food allergy, although the test 

performance may differ between foods. In 2014, the EAACI published a systematic review about the 
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diagnostic accuracy of tests aimed at supporting the clinical diagnosis of food allergy (Soares-Weiser 

et al., 2014). The pooled sensitivities and specificities for the main allergies cow’s milk, egg, wheat, 

soy, and peanut are presented in Table 2- 1. 

However, this test has a large number of inherent limitations. Patients experiencing extensive eczema, 

dermographism, urticaria, or taking medications (e.g. antihistamine) which interfere with the test 

outcomes, cannot be subjected to this test (Heinzerling et al., 2013). Furthermore, positive results 

represent only sensitization to a specific food allergen. This is only equivalent to indicate an increased 

predisposition for a food allergic reaction to this allergen and does not necessarily prove a clinical 

allergy. Also, the weal size and skin reactivity cannot be interpreted as the clinical reactivity. So, test 

results should be interpreted together with the clinical history to estimate the clinical relevance of the 

test and reduce overestimations of food allergies. Additionally, this test has a low specificity, so the 

relevance of using this test for panallergens (see Chapter 1 section 1.4 Major food allergies and 

responsible allergens) must be considered with caution. Furthermore, the reagents and methods of 

the SPT are not standardized and can lead to different test results. As has been mentioned in the work 

of Heinzerling et al. (2013), differences were shown in test outcomes when using extracts of the same 

allergen from different manufacturers. Although attempts have been made to standardize these 

extracts, this is difficult to achieve due to the biological nature of the extracts which can differ in 

protein, glycoproteins, and polysaccharide content (Heinzerling et al., 2013). Additional research 

should be done to understand the allergen content present in these extracts to provide batch-to-batch 

consistency, even when these are provided by different manufacturers. 

 

Figure 2- 2. Skin prick test for testing allergies. Figure adapted from Institute for Quality and Efficiency in Health 

Care (IQWiG) - https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0030660/ 

 

2.2.1.3. In vitro serum IgE-testing 

In vitro assessment of total serum IgE (tIgE’s) and food-specific serum IgE (sIgE’s) levels is a method 

that serves as an additional confirmation tool to determine IgE-mediated food allergies. Although tIgE’s 

are routinely measured to predict food allergy, insufficient evidence exist to support the claim that 

tIgE’s diagnosis is of added value in predicting a food allergy. Allergen-specific sIgE testing has the 

https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0030660/
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0030660/?figure=1
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potential to assess the sensitivity of specific food allergens by the presence of specific IgE antibodies. 

Of the sIgE tests, the radioallergosorbent test (RAST) has originally been used to measure the specific 

IgE-levels (sIgE’s) in the serum samples, but has been replaced by the more sensitive fluorescence 

enzyme immunoassay (FEIA) test (Boyce et al., 2010). Currently, automated systems permit the use of 

enzymatic immunoassays for a large number of samples in a standardized way, such as the Phadia 

ImmunoCAP or microarray platforms. IgE is reported as kilounits per liter (kU/L), based on the WHO 

Reference Standard with 1 unit equaling 2.42 ng of IgE (Santos & Brough, 2017). The estimated 

sensitivities and specificities of the sIgE tests are presented in Table 2- 1. 

Table 2- 1. Summary estimates of the accuracy of skin prick test (SPT) and specific-IgE (sIgE) for each target food. 

Twenty-four (2831 participants) studies were included (Soares-Weiser et al., 2014). 

 

 SPT SPECIFIC-IGE TEST 

FOOD ALLERGY Pooled sensitivity Pooled specificity Pooled sensitivity Pooled specificity 

COWS’ MILK ALLERGY 88% (95 % CI 76–94) 68% 

(95% CI 56–77) 

87% (95% CI 75–94) 48% (95% CI 36–59) 

EGG ALLERGY 92% (95% CI 80–97) 58% (95% CI 49–67) 93% (95% CI 82– 

98) 

49% (40–58%) 

WHEAT ALLERGY 73% (95% CI 56–85) 73% (95% CI 48–89) 83% (95% CI 69–92) 43% 

(95% CI 20–69%) 

SOY ALLERGY 55% 

(95% CI 33–75) 

68% (95% CI 

52–80) 

83% (95% CI 64–93) 38% (95% CI 24–54) 

PEANUT ALLERGY 95% (95% CI 88–98) 61% (95% CI 47–74) 96% (95% CI 92–98) 59% (95% CI 45–72) 

 

The positive predictive value (PVV) is based on the empirically determined sIgE thresholds. In 

literature, the 95 % PVV threshold levels are determined for the major allergens (e.g. milk, egg, and 

peanut). PVVs are a function of the sensitivity and specificity of the test, as well as the prevalence of 

the disease. They are important for further decisions and conclusions. For example, if an sIgE-level is 

below this threshold, but above a threshold associated with a 50 % PVV, further diagnosis is required 

(e.g. with an oral provocation test, see section 2.2.1.5 Oral food challenges). It must be noted that 

PPVs obtained from different laboratories or different assay systems may not be comparable (Boyce 

et al., 2010; Wang, Godbold & Sampson, 2008). This is shown for example by the study of Wang, 

Godbold & Sampson (2008), in which three different in vitro IgE testing detection systems were 

compared (Phadia ImmunoCAP, Agilent Turbo-MP, and Siemens Immulite 2000) and significant 

discrepancies were found, potentially affecting the decision-making process. Because of this, sIgE 

threshold levels determined by ImmunoCAP for example, must not be used for the other assays. Such 

discrepancies can be explained by technical differences of the assays but also the used allergen sources 

and the studied populations can contribute to this issue (e.g. prevalence of food allergy, comorbidities, 

etc.). In the study of Wang, Godbold & Sampson (2008), the different allergen sources used by the 

different companies were summarized, which illustrates this issue (see Table 2- 2). In general, not 
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much information is given on the natural source of these allergens by the companies which makes it 

harder for the clinicians to interpret the test results (Boyce et al., 2010). Finally, PPVs are only valid for 

patients who have the same pretest probability of disease as the population in which these values 

were established. 

Table 2- 2. Allergen sources of the ImmunoCAP (Phadia), Turbo-MP (Agilent), and Immunolite (Siemens) in vitro 

IgE detection assays (table adapted from Wang, Godbold & Sampson, 2008 ) 

 

Allergen ImmunoCAP Turbo-MP Immulite 

Milk Skimmed cow's milk Freeze-dried cow milk Cow's milk 

Egg white 
Freeze-dried hen's egg 

white 
Freeze-dried egg white Raw egg white 

Peanut Raw and shelled Fresh, ground, defatted, freeze-dried 
Mixture of extracted whole peanut 

proteins 

Birch Betula verrucosa Betula populifolia Betula nigra 

House dust mite Whole body culture Whole body milled Whole body 

Cat Epithelium and dander 
Standardized, including epithelium and 

dander 

Dander from mixed breeds of Felis 

domesticus 

 

In conclusion, similar to SPT testing, sIgE tests alone do not predict food allergy, it merely indicates 

sensitization. Even though the sIgE tests obtain, with their predefined “cutoff” levels, 95 % PPVs, these 

values alone are not conclusive for a food allergy. Also, a negative test result does not exclude the 

diagnosis. So also for this test, results are not to be interpreted as conclusive without the framework 

of the patient’s clinical history. 

2.2.1.4. Food elimination diet 

The food elimination diet refers to the avoidance of the incriminated food ingredients (Boyce et al., 

2010). Besides used for diagnosing IgE-mediated food allergies, it is often used for the diagnosis of 

non-IgE or mixed food allergies because no laboratory tests exist for these type of food allergies. Health 

care professionals frequently use the information of the medical history and the symptoms during an 

elimination diet to confirm the presence of a food allergy. However, this diet cannot confirm the 

diagnosis on its own (Manea, Ailenei & Deleanu, 2016). 

2.2.1.5. Oral food challenges 

1. General 

Oral food challenges are supervised food challenges in which the patient ingests the suspected food 

under a clinician’s supervision (Manea, Ailenei & Deleanu, 2016). Different strategies exist to perform 

oral food challenges (open, single-blinded, double-blinded), of which the double-blind, placebo-

controlled food challenge (DBPCFC) is the gold standard for the diagnosis of food allergy. This test is 

sometimes required for a final diagnosis of a food allergy, to examine the severity of the allergic 
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reactions, to set up threshold levels, etcetera (see section 2.3.2.2. PAL, risk assessment, and threshold 

levels). 

Double-blind means that neither the patient nor health care professional knows if the given food 

contains the allergenic ingredients. Therefore, the preparations should mask the allergenic ingredients 

in taste, smell, and texture. Placebo-controlled means that on separate periods, in random sequences, 

placebo preparations (without the allergenic ingredient) and active preparations (containing the 

allergenic ingredient, = verum) are given to the patients. The DBPCFC reduces the potential bias of the 

patients and supervising health care professionals that might interfere with the appropriate 

interpretation of oral food challenges and corresponds most closely to the natural ingestion of food. 

Despite the fact that DBPCFC is considered as essential by the broad clinical community and discussed 

many times in position papers, these are largely absent in most clinical settings outside the academical 

context (Asero et al., 2009). There is much data showing that the DBPCFC poses a number of critical 

problems,  such as the development of standardized DBPCFC matrices. However, efforts are been 

made, like the development of a PRACTALL consensus report (Sampson et al., 2012), and the 

development of a new framework for the documentation and interpretation of oral food challenges in 

population-based, clinical research (Grabenhenrich et al., 2017). Regulatory agencies, such as the 

European Medical Agency and the US Food and Drug Administration, are increasingly demanding more 

stringent standards for conducting these studies. Therefore it is critically important that the 

allergy/immunology community provides input into the best practices for the generation of DBPCFC 

standard operating procedures. Six important criteria are listed below regarding the provocation 

setting and the food matrices. For a full overview, we refer to the work of Sampson et al. (2012). 

2. Summary of six criteria for DBPCFCs 

1) The provocation setting 

First, the food challenges can be performed in a number of different locations, including the intensive 

care unit, a regular hospital room, a hospital clinic room, an outpatient clinic room, a private practice 

office clinic, or at home, dependent on the type of food allergy. When performing DBPCFCs for IgE-

mediated food allergies, these have to be performed in a clinical setting, as the food allergic reactions 

occur immediately after food consumption. These types of DBPCFCs have been conducted the most 

for so far (Sampson et al., 2012). 

In contrast to IgE-mediated food allergies, the non-IgE-mediated food allergies are characterized by 

delayed food allergic responses (see Chapter 1 section 1.3.2 Non-IgE mediated food allergy). There 

are no valid tests for the diagnosis of non-IgE mediated food allergies, apart from the planned 

avoidance of the allergens followed by the reintroduction of these particular allergens to monitor 
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possible reoccurrence of complaints. Such tests can be done both at home and in a clinical setting. The 

latter mostly only when a risk exists for severe allergic reactions (e.g. some acute food protein-induced 

enterocolitis syndrome (FPIES) reactions (Leonard et al., 2018; Venter et al., 2013)). When the 

allergenic food has to be regularly and repeatedly ingested, like is the case with chronic FPIES, an at 

home provocation, where the patients consume some amount of the allergens every day, is suggested. 

The relevance of diagnosing late-onset reactions is illustrated in the study of Dambacher et al. (2013), 

where DBPCFCs were conducted with children having a suspected milk allergy. Attention was paid 

towards late-onset reactions at home, despite the fact that the challenges were conducted in the 

clinical setting to register acute allergic reactions. It was shown that, if late reactions would have been 

ignored, the diagnosis of cow’s milk allergy (CMA) would have been rejected incorrectly in 37.5 % of 

the participating children. When late reactions are described in the literature, they form a substantial 

part of the positive test results, ranging from 20 to 60 % (Vlieg-Boerstra et al., 2004), highlighting the 

importance of matrices for at home administration. 

2) Allergenic potential of the allergenic ingredients 

Second, processing of food alters the allergenic properties of food proteins. Food processing may, for 

example, destroy existing IgE-binding epitopes on a protein or conversely generate new ones 

(neoallergen formation) as a result of changes in protein conformation. Therefore, the level of 

processing of the food allergens used in the DBPCFC matrices must be indicated and considered when 

interpreting the test results (Verhoeckx et al., 2015). 

3) The allergen doses 

For the third criterium, the allergen doses must be considered thoroughly since these can have a 

significant effect on the test outcome. For the top dose, for example, a compromise must be made 

between high enough to minimize false negatives and low enough to prevent unblinding (Asero et al., 

2009). 

As mentioned earlier, an IgE-mediated allergy is characterized by a direct immune response after 

consumption of the responsible food allergens. By delivering the patients a dilution series, ranging 

from a low to a high allergen dose, the minimum eliciting doses (MEDs) can be assessed per patient. 

As will be addressed in section 2.3.2.2 PAL, risk assessment, and threshold levels, these MEDs can be 

implemented for food allergen risk assessment strategies. As also mentioned in the study of Cochrane 

et al. (2012), low-level dose matrices are needed to determine these MEDs of the patients and to safely 

include severe allergic patients in this test. 
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4) The blinding of the allergenic ingredient in the matrix 

To perform a DBPCFC, true blinding of the respective allergenic ingredient is indispensable in order to 

avoid placebo effects, which is the fourth criterium (Vlieg Boerstra et al., 2011). Without validation of 

the blinding of challenge materials or recipes, true double-blind test conditions cannot be achieved. 

This validation must be done by sensory tests. The objective of the sensory test is to determine 

whether the active test food sample containing the allergenic food ingredient could be identified in a 

statistically significant way. Such sensory tests must be conducted by a professional food laboratory 

using professional panelists (Vlieg-Boerstra et al., 2011). Nevertheless, this is not always feasible since 

this is a very expensive and time-consuming procedure which requires special facilities (González-

Mancebo et al., 2016). 

5) Microbial stability and shelf live 

Fifth, to guarantee the safety of the food matrices, the microbial stability and shelf life must be 

examined. This can be achieved by determining the aw-values and microbial contamination (Cochrane 

et al., 2012). 

6) Convenient use of the matrices 

The sixth and final criterium is the convenient use of the matrices. However, this is currently not the 

case, resulting in time- and facility-intensive procedures and protocols related to the preparation of 

the matrices, which many hospitals lack. (Asero et al., 2009). This high need for staff and facility is, at 

least in part, caused by a lack of standardization of the protocol in general, despite multiple attempts 

(Sampson et al., 2012), and of the preparation of the food matrices in particular (Asero et al., 2009). 

For example, the placebo and active test foods (i.e. verum) must consist of food components tolerated 

by the patients and be equivalent in taste and smell to mask the allergenic ingredient, which is often 

not straightforward. Furthermore, this test requires expensive resources and highly trained staff 

(Santos & Brough, 2017). 

Hence, given the expensive and labor-intensive nature of the protocol and the risk for severe allergic 

reactions, DBPCFCs are mostly not performed routinely. Therefore, despite being the most accurate 

test to diagnose, a food allergy is mostly first diagnosed based on a combination of the clinical history, 

including the allergic reaction(s) to the responsible allergenic foods and the dietary history. This can 

guide the selection of appropriate allergens to be tested and decide if oral food challenges are needed. 

2.2.2. Clinical assistance 

The clinical assistance of food allergic patients consists of multiple approaches, from the treatment of 

acute episodes of allergic reactions up to long-term strategies to minimize occurrences of food allergic 
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reactions (Muraro et al., 2014). Since no treatments are yet established, the exclusion of the 

responsible allergenic ingredients is still the cornerstone of prevention. 

Furthermore, teens and young adults are often not prepared when an allergic reaction occurs, making 

education one of the most valuable factors in the prevention of food allergic deaths. Patients 

experiencing severe allergic reactions with risk for anaphylaxis should always carry self-injectable 

adrenaline, as a reaction is always possible, at any time at any place. Therefore, it is important to 

identify the high-risk allergic patients because fatalities often occurred in patients where previous 

reactions were only mild. Patients with a history of peanut, shellfish, or tree nut allergy, in combination 

with asthma, have been placed in a higher risk category (Muñoz-Furlong & Weiss, 2009).  

Finally, it is recommended that the patients should have access to allergy consultations with dietitians 

having knowledge concerning food allergies to assist the diet of the patients (Muraro et al., 2014). 

2.2.3. Food allergy research 

To further address the still significant knowledge gaps regarding food allergies, additional clinical 

research covering different areas is required. The main topics are listed below. 

2.2.3.1. Basic research on food allergy 

To understand the complete pathogenesis of food allergy, fundamental clinical research is still ongoing 

and needed. Basic research aims to gain more insights into e.g. the early life factors which affect allergy 

development (Du Toit et al., 2018), and preventive and therapeutic interventions towards food 

allergies (Aitoro et al., 2017). For an overview of the current understandings covering the pathogenesis 

and the natural history of food allergy, we refer to the work of Iweala & Burks (2016). 

2.2.3.2. Clinical assistance and therapy 

Clinical research is needed to improve the clinical assistance and the therapy of the food allergic 

patients. Three important areas that need more research are: 

• Extensively hydrolyzed cow’s milk formulas are available on the market as an alternative food 

supplement. Hydrolyzed formulas contain cow milk proteins (CMPs) that are subjected to 

enzymatic and chemical hydrolysis to reduce the molecular weight, the peptide size, and 

consequently, the allergenicity of the proteins. The formulas with documented safety should be 

the preferred choice, however, many formulas exist which are not studied appropriately. More 

research is required to validate these formulas. Furthermore, the use of hydrolyzed formulas has 

not been studied in the prevention of allergy in low-risk infants, so these cannot be recommended 

in this group (Vandenplas et al., 2014). 
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• It has been shown that probiotics and prebiotics have the potential to induce tolerance towards 

multiple food allergens (Aitoro et al., 2017). 

• Research is also still ongoing regarding immunotherapy through several routes of exposure, which 

can help to increase tolerance. This is however not yet established in standard practice due to the 

current limitations of this therapy (e.g. significant risk for local and systemic reactions) (Muraro et 

al., 2014; Vazquez-Ortiz  & Turner, 2016). 

2.2.3.3. Food allergy population studies 

Studying the incidence, prevalence, and epidemiology of food allergies provides more insight into the 

impact of specific food allergies in the different societies and the threshold levels for all the relevant 

allergenic ingredients. This information can deliver important information and tools which are 

necessary for policymakers, regulators, and the food industry to manage food allergies and hence 

improve the quality of life of the food allergic consumers. 

The assessment of threshold levels can provide valuable information for risk assessment strategies, 

which can be used to assist the labeling of food allergen products (see section 2.3.2.2 PAL, risk 

assessment, and threshold levels). Clinical threshold doses are defined by the European Academy of 

Allergy and Clinical Immunology (EAACI) as the lowest dose of an allergenic food to elicit an objective 

allergic reaction in an individual during a food challenge test (Muraro et al., 2014). 

The most recent cooperative research project to assess the prevalence, health care costs, and basics 

of food allergy in Europe is the EuroPrevall project3. As highlighted by this project, it is important that 

consistent and appropriate diagnostic criteria are used to fully understand the incidence, prevalence, 

temporal trends, and threshold levels of specific food allergies. Similar approaches should be followed 

in other parts of the world. 

2.2.3.4. Diagnostic methods 

1. Brief history of diagnostic methods 

Since the identification in 1967 of IgE as the main component of the immune allergy sensitization 

process, researchers have tried to develop allergen-specific diagnosis approaches to aid patients with 

more targeted management strategies. Furthermore, the rising understanding and availability of the 

responsible allergens changed the way allergy diagnosis has been performed towards the age of 

“molecular allergology”. Molecular allergology is defined as the use of allergen molecules or 

fragments (peptides or carbohydrate chains) for the diagnosis and therapy of allergy (Kleine-Tebbe & 

Jakob, 2017). As such, the first allergens from house dust mite and birch pollen were cloned for the 

                                                           
3 http://cordis.europa.eu/result/rcn/51771_en.html 
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first time in the late 1980s for molecular allergy research purposes. From then, more than 1000 

allergen sequences have been identified. This knowledge is a major step forward in the field of allergy 

diagnostics and therapeutics (Kleine-Tebbe & Jakob, 2017). 

2. Future directions and research 

Currently, the DBPCFC is the gold standard in food allergy diagnosis. Since SPTs and blood IgE tests 

merely indicate sensitization, these alone are, in theory, not reliable enough to indicate a food allergy. 

However, DBPCFCs are time-consuming and stressful for the patients, so in the future, researchers and 

health care professionals aim to develop more convenient diagnostic methods that are as reliable as 

the DBPCFCs (Asero et al., 2007). 

Due to the expanded knowledge about the provocative allergenic proteins in food, a shift is observed 

from extract-based approaches towards an allergen-specific diagnosis. Molecular-based diagnosis is of 

major interest in the allergy research to improve the diagnosis of food allergy, and the research of 

clinically relevant molecules is still needed and ongoing (Manea,  Ailenei & Deleanu, 2016). 

In the area of molecular allergology, allergens purified from natural sources as well as recombinant 

allergens are being frequently used to determine the specific IgEs. This is referred to as component-

resolved diagnostics (CRD). This is in contrast to the classical sIgE tests, where extracts of allergenic 

and non-allergenic components are used (Treudler & Simon, 2013). Using CRD, the responsible 

allergens the patients have been sensitized to can be identified. This can improve the management of 

allergic patients and establish predictive sensitization patterns when patients are sensitized to 

panallergens. For example, sensitization to hazelnut allergens Cor a 8 (LTP), Cor a 9 (storage protein), 

and Cor a 11 (cupin family) are associated with severe immediate-type reactions and are mostly seen 

in children. These allergens are heat-stable, so even roasted hazelnuts will cause allergic reactions. 

Sensitization to the Bet v 1 homologue Cor a 1 are more likely to lead to mild symptoms, like the OAS, 

and is more present in adults (Manea,  Ailenei & Deleanu, 2016).  

Due to the multiple isolated allergens for which the patients can be tested, it is currently possible to 

simultaneously detect more than 100 allergens by using modern biochip technology (ImmunoCAP ™ 

ISAC sIgE 112, Phadia/Thermo Fisher Scientific) (Manea,  Ailenei & Deleanu, 2016). Microarray 

platforms, enabling simultaneous measurement of many allergens with a small serum sample, are 

potentially powerful tools in allergy diagnostics. Allergen components, as well as whole allergen 

extracts, can be immobilized on microarrays, combining two new powerful technologies: microarrays 

and CRD (Williams et al., 2016). 

Although the promising value of CRD, there is still a lack of consistent clinical studies. More studies are 

needed to define the clinical utility of CRD (Manea,  Ailenei & Deleanu, 2016). Due to existing 
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discrepant results when performing both the IgE assays on allergenic extracts and on allergenic 

molecules, both techniques will probably co-exist in daily clinical practice (Matricardi et al., 2016). For 

example, in the study of van Veen et al. (2016), the diagnostic value of CRD was examined for peanut 

allergy in children, showing CRD is not superior to specific IgE to peanut extract or to SPT. At present, 

CRD cannot replace DBPCFCs for determination of the eliciting dose or the severity of peanut allergy 

(van Veen et al., 2016). Also, the list of allergenic molecules available for testing is still not complete 

(Stantos & Brough, 2017). 

Finally, research is ongoing towards cellular allergy tests, which use the activity of basophils and mast 

cells to measure the allergic responsiveness. Until now, the cellular tests are as good as the SPTs, but 

cannot replace the challenge tests (Asero et al., 2007; Santos & Brough, 2017). For example, a method 

under investigation is the Basophil Activation Test (BAT), which has become a pervasive test to assess 

allergic responses using flow cytometry. This test is a functional assay that uses living basophils in 

whole blood to detect the ability of IgE to mediate activation of basophils after stimulation with the 

respective allergens. This test is based on the discovery of activation markers on the surface of 

basophils which can be labeled with fluorescent markers (Hoffmann et al., 2015). Different cell-surface 

markers can be used to identify basophils in whole blood. For example, basophils constitutively express 

the eotaxin receptor CCR3 which can be used for a robust and accurate selection of the cells (= basophil 

marker). Upon allergen contact, sensitized basophils degranulate and express the cell surface marker 

CD63 (= activation marker) (Santos & Lack, 2016). To overcome false negative results, the use of 

identification markers besides activation markers allows a more accurate assessment of basophil 

activation, and as such a more accurate diagnosis of food allergy (Santos et al., 2016). BAT testing has 

been shown to obtain a higher specificity and negative predictive value in comparison to SPT - and 

sIgE testing, without having an impact on the sensitivity. However, large-scale clinical studies are still 

lacking and this test requires specialized laboratory equipment, so this test is still limited to research 

purposes (Muraro et al., 2014). 

2.3. The role of the government/ regulatory authorities 

Regulatory risk management agencies aim to provide information to the food allergic consumers about 

the presence of allergenic ingredients in food products (Gendel, 2012). To achieve this, most countries 

and regulatory bodies ensure this information by enacting laws and regulations covering the labeling 

of the major food allergens. To guarantee the implementation of these laws, control agencies must 

assure the safety of these food products by conducting tests and inspections of foodstuffs and raw 

materials at all stages of the food chain. Despite extensive scientific research and collaborations, 

additional research is needed to improve the allergen labeling regulation and the enforcement of this 

regulation. For example, there is still a need to decipher which new proteins in the food chain can 
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provoke allergic reactions (e.g. insects, seaweeds, etc.), there is still a need for harmonization of the 

allergen labeling regulations worldwide, and universal threshold levels are still not available for the 

most important food allergens (Gendel, 2012). For an overview of the governmental responsibilities 

regarding food allergies, see Figure 2- 3. 

 

Figure 2- 3. Schematic overview of the different major governmental responsibilities regarding food allergy 

2.3.1. Food allergen labeling regulation: introduction 

Since food allergy has gained international recognition as a major health issue, the Directive 

2003/89/EC (European Parliament, 2003) and the US Food Labeling and Consumer Protection Act 

(FALCPA) (US Code, 2004) were developed and put into force. These provide the food allergic patients 

more information concerning the presence of the major allergenic ingredients present in the food 

products (Gendel, 2012). From this point on, more countries adopted the allergy regulatory 

framework, illustrated in an extensive review of Gendel (2012), summarizing nineteen laws, directives, 

regulations, and ministerial statements concerning food allergen labeling across the world. In this 

chapter, only the European regulation will be further discussed. 

After amendments of the Directive 2003/89/EC, the final new regulation (EU) No 1169/2011 on the 

provision of food information to consumers was put into force on 13 December 20144. This new 

regulation applies to all the food intended for the final consumer, including non-packaged foodstuff 

(e.g. food delivered by food service companies). The areas covered by this regulation are nutrition 

                                                           
4 https://ec.europa.eu/food/safety/labelling_nutrition/labelling_legislation_en 
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information, origin labeling, legibility, and allergen labeling5. The content of this regulation regarding 

food allergens is, in brief: 

I) Food ingredients or processing aids listed in Annex II, causing food allergies, must be clearly 

indicated, also for non-prepacked foods. The ingredients in Annex II are listed in Table 1- 2 and 

2- 3; 

II) The European Commission must systematically re-examine and, if necessary, update the list of 

ingredients causing allergies or intolerances; 

III) The European Commission must establish implementing measures on the additional voluntary 

precautionary labeling. 

The government must appoint an authority to guarantee the safety of the food products and the 

appropriate implementation of this regulation. In Belgium for example, this task is taken up by the 

Federal Agency for the Safety of the Food Chain (FASFC). A major task of this agency is the controlling, 

testing, and inspecting of foodstuffs and raw materials at all stages of the food chain. According to the 

federal law of 4 February 2000, this agency is responsible for lying down, implementing, and enforcing 

measures related to the analysis and the management of risks that may affect consumer health6. To 

assist the FASFC, a National Reference Lab (NRL) for the detection of food allergens was established in 

Belgium. The Flanders research Institute for agriculture, fisheries, and food (ILVO), and the National 

Chemical Reference Laboratory (CER) group in Wallonia are part of this Belgian NRL. 

The EU has one of the highest food safety standards in the world. Therefore, the Rapid Alert System 

for Food and Feed (RASFF) was put in place to provide an effective tool to food and feed control 

authorities for the exchange of information about measures taken in response to serious risks detected 

in relation to food or feed7. 

With the discovery of a potential allergen in food products, a recall can be requested by the respective 

governmental agency. However, as mentioned earlier, no threshold levels are established yet 

regarding food allergens in food products. Up till now, the labeling regulation imposes a zero threshold 

for the presence of allergens in food. This makes it difficult for the food industry, questioning for 

example, ‘how clean is clean enough?’, leading to extensive use of voluntary precautionary labels (PAL, 

e.g. “may contain”). PAL refers to allergens which are not present as an ingredient but might be present 

in the food products due to cross-contamination. Cross-contamination can occur along many points at 

the food chain, as many different food products are made on shared food process equipment (Allen et 

al.,2014). Since only small traces of allergens can already cause severe relevant health risks, food 

                                                           
5 http://www.fooddrinkeurope.eu/uploads/publications_documents/FDE_Guidance_WEB.pdf 
6 http://www.afsca.be/publications-en/_documents/AR_2006_ES_En_S.pdf 
7 https://ec.europa.eu/food/safety/rasff_en 
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manufacturers frequently use this kind of labeling. However, the widespread use of such labels leads 

to end-users confusion and ignorance regarding the allergen warnings altogether (Allen et al., 2014). 

More developments are still required to improve this allergen labeling regulation. This will be 

highlighted in the following section. 

2.3.2. Food allergen labeling regulation: Research 

The government still needs to invest in different areas regarding the food allergen labeling. The most 

important topics are presented in Figure 2- 3 and summarized below. 

2.3.2.1. Assessment of new allergens 

New types of food are constantly introduced into our diets, potentially containing new allergens. One 

example are new protein sources. On the one hand, new protein sources are introduced into the diet 

due to the current insufficiencies of existing food sources to answer the exponential growth of the 

human population. This includes newly developed innovative foods or new food sources such as 

insects, algae, and duckweed are being brought into the food chain. On the other hand, new proteins 

can also be brought in the food chain by transgenic modifications. Regarding the transgenic 

modifications, three possible scenarios can be described (Selgrade et al., 2009): 

I) The transfer of an existing allergen or cross-reactive protein from one species to another one; 

II) Creating de novo food allergens; 

III) Altering or quantitatively increasing an endogenous allergen. 

Thus, the introduction of new proteins into the food chain inevitably creates a potential development 

of new food allergies (Bøgh et al., 2016). Despite allergy assessment being a requirement for 

authorization of genetic modified food and feed, in practice, there is no way to ensure full certainty. 

There is still no single test or parameter that, on its own, can provide sufficient evidence to predict 

allergenicity of a protein or peptide (EFSA Panel on Genetically Modified Organisms (GMO) et al., 

2017). Although food allergic reactions can occur due to many different types of food, relatively few 

foods are responsible for the vast majority of the significant food-induced allergic reactions. Still, much 

research is being conducted on what makes these food allergens unique, which is not yet fully 

understood. An overall review is given by Selgrade et al. (2009), summarizing the approaches to assess 

the allergenic potential of transgenic proteins, and also provides tools useful for safety assessment. 

Generally, safety assessment involves: consideration of the source of the introduced protein, in silico 

amino acid sequence homology to known allergens, physicochemical properties, protein abundance in 

the crop, and eventual IgE binding studies (Selgrade et al., 2009). Furthermore, new guidelines are 

developed by the EFSA panel to guide the allergy risk assessment of GMO corps (EFSA Panel on 

Genetically Modified Organisms (GMO) et al., 2017).



 

 
 

Table 2- 3. List of substances or products causing allergies or intolerances 

 

 

 

 

 

Ingredient (Reference 

dose in mg protein)* 

EU regulation (Regulation (EU) No 1169/2011) Ingredient (Reference 

dose in mg protein)* 

EU regulation (Regulation (EU) No 1169/2011) 

MILK (0.2) • No thresholds 

• Milk has to be labeled when used as ingredient and products thereof 

(including lactose), except: 

✓ Whey used for alcoholic distillates including ethyl alcohol of agricultural origin 

✓ Lactitol 

• EU regulations define ‘‘milk’’ as being milk from all species included 

(Gendel, 2012). 

PEANUTS (0.2) • No thresholds 

• Peanuts have to be labeled when used as ingredient and 

products thereof 

EGG (0.03) 

 

• No thresholds 

• Egg has to be labeled when used as ingredient and products thereof 

• EU regulations define ‘‘egg’’ as being egg from all species included 

(Gendel, 2012). 

 

WHEAT (1) • No thresholds 

• Cereals containing gluten namely wheat (such as spelt and 

Khorasan wheat), rye, barley, oats and their hybridized strains 

and products thereof, except: 

✓ Wheat based glucose syrups including dextrose 

✓ Wheat based maltodextrins 

✓ Glucose syrups based on barley 

✓ Cereals used for making 

• It is unclear whether the use of gluten in the definition of the 

cereals of concern is intended to protect consumers with 

Celiac disease in addition to allergic consumers (Gendel, 2012). 

FISH (0.1) • No thresholds 

• Fish has to be labeled when used as ingredient and products thereof, 

except: 

✓ Fish gelatin used as a carrier for vitamin or carotenoid preparations 

✓ Fish gelatin or Isinglass used as fining agent in beer and wine 

CRUSTACEAN (1) 

 

• No thresholds 

• Crustaceans and products thereof have to be labeled (for 

example prawns, lobster, crabs, and crayfish 

http://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX:32011R1169
http://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX:32011R1169


 

 
 

 

* Reference dose (according to Taylor et al., 2014), the total protein content from an allergic food below which only the most sensitive individual (between 1 and 5 % depending on the quality of the date) in the allergic 

population are likely to experience an adverse reaction. When no reference dose is given, insufficient data were available to determine these values for these allergenic ingredients. **  Reference dose determined for 

hazelnut.*** Reference dose determined for shrimps. 

! Although sulphur dioxide and sulphites are not considered as true food allergens (not mentioned in this table), they can evoke allergy-like responses or induce asthma (Sicherer & Sampson, 2008). Therefore, these are 

also listed in Annex II. of the Regulation (EU) No 1169/2011. 

 

Ingredient (Reference 

dose in mg protein)* 

EU regulation (Regulation (EU) No 1169/2011) Ingredient (Reference 

dose in mg protein)* 

EU regulation (Regulation (EU) No 1169/2011) 

TREE NUTS (0.1 ***, 

cashew  = 2) 

 

• No thresholds 

• Nuts (namely almond, hazelnut, walnut, cashew, pecan nut, Brazil nut, 

pistachio nut and Macadamia nut (Queensland nut) and products 

thereof except for nuts used for making alcoholic distillates including 

ethyl alcohol of agricultural origin  

• The EU limits the list of tree nuts to eight named species 

 

SOY (1) • No thresholds 

• Soybeans and products thereof, except: 

✓ Fully refined soybean oil and fat 

✓ Natural mixed tocopherols (E306), natural D-alpha-tocopherols, 

natural D-alpha tocopherol acetate and natural D-alpha 

tocopherol succinate from soybean sources 

✓ Vegetable oils derived phytosterols and phytosterol esters from 

soybean sources 

✓ Plant stanol ester produced from vegetable oil sterols from 

soybean sources 

CELERY • No thresholds 

• Celery and products thereof 

MUSTARD (0.05) • No thresholds 

• Mustard and products thereof 

SESAME (0.2) • No thresholds 

• Sesame and products thereof. 

LUPIN (4) 

 

• No thresholds 

• Lupin and products thereof. 

MOLLUSC • No thresholds 

• Mollusks and products thereof. 

• Molluscan shellfish allergies have been documented to all classes of 

mollusks including gastropods (e.g., limpet, abalone), bivalves (e.g., 

clams, oysters, mussels), and cephalopods (e.g., squid, octopus) (Taylor, 

2008). 

 

http://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX:32011R1169
http://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX:32011R1169
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2.3.2.2. PAL, risk assessment, and threshold levels  

1. Current state of the art 

The unintended presence of traces of food allergens can be harmful to allergic consumers. Since the 

lack of a clear labeling regulation regarding these traces of allergens and the zero-tolerance, the PAL 

is currently over-used, as mentioned earlier. This means that even when no allergens are present, food 

products can have precautionary warnings on their labels (Birot et al., 2017). 

To deal with this overuse of PAL, a regulated food allergen risk assessment strategy has to be 

developed. This is necessary to be able to decide if the unintended allergen traces constitute a risk to 

food allergic consumers and if a warning should be mentioned on the product information. In the new 

Regulation (EU) No 1169/2011, it is stated that the European Commission must establish measures of 

implementation on the additional voluntary PAL. 

In the EU, the indiscriminate use of PAL is considered misleading and therefore prohibited by 

legislation. Article 36 in the EU Regulation No. 1169/2011 covers the general requirements that 

voluntary food information must meet the following (Soon & Manning, 2017): 

I) It shall not mislead the consumer; 

II) It shall not be ambiguous or confusing for the consumer; 

III) It shall, where appropriate, be based on relevant scientific data. 

However, up till now, no risk assessment is mandatory and therefore any suspicion of traces of 

allergens might justify the use of PAL (Allen et al., 2014, Soon & Manning, 2017). There are currently 

four scenarios of using PAL (Soon & Manning, 2017): 

Scenario 1: PAL-labeled food products that have a genuine risk of causing allergic reactions; 

Scenario 2: Products where there is no serious allergenic risk involved, but manufacturers may feel 

obliged to ensure that labels carry the warning to cover even the potential of a minor risk;  

Scenario 3: Products that would not carry PAL because there is no risk of allergenic contamination, but 

there is concern that consumers would be confused when they cannot find PAL on a product, so as a 

result, it is included; 

Scenario 4: Products where manufacturers are actually unaware of the actual need for PAL. 

2. Research 

Research is still ongoing regarding the risk assessment of allergen traces in food products. The 

Netherlands Organization for Applied Scientific Research – TNO - developed a model for the 

quantitative food allergen risk assessment based on populistic techniques in 2007 (Spanjersberg et 

al., 2007). This is necessary to be able to decide if the unintended allergen trace constitutes a risk for 
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food allergic consumers. Allergen risk assessment is based on three important types of data 

(Figure 2- 4) (Allen et al., 2014): 

1) The concentration level of the allergens in the food, which can be assessed by quantitative allergen 

detection methods (see section 2.6. Food allergen detection methods). The concentration of the 

unintended allergen presence cannot be a fixed value for a food product, because the level can 

vary according to the production site and batch. 

2) Data on the threshold levels or minimum provoking doses of all the specific allergens which may 

elicit an allergic reaction. These minimum provoking doses are determined by collecting the 

individual no-observed adverse effect levels (NOAELs) and lowest-observed adverse effect levels 

(LOAELs) from low-dose oral clinical food challenge studies with food-allergic individuals (see 

section 2.2.1.5 Oral food challenges (Taylor et al., 2014). 

3) The estimated consumption volume of the contaminated food. The estimation of this volume is 

not that straightforward, because the consumption volumes of different food products have to be 

estimated in different populations. The study of Birot et al. (2017) developed a standardized, 

automated procedure to organize data from national food consumption surveys, which can 

contribute to the food allergen risk assessment. 

 

Figure 2- 4. Schematic presentation of the probabilistic approach in food allergen risk assessment. (Figure 

obtained from Spanjersberg et al. 2007) 

Still, much research is ongoing concerning threshold levels of allergens. The European Food Safety 

Authority (EFSA) and the International Life sciences Institute Europe (ILSI) are evaluating strategies to 

identify the threshold levels of allergens which still can provoke allergic reactions in severe allergic 

patients (Fierro et al., 2017). Up till now, as mentioned before, a zero-tolerance is still applied for all 

the food allergens. However, to reduce and standardize the additional voluntary PAL, threshold levels 

are needed. A first attempt to standardize the PAL on a formal and transparent basis was done by the 
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voluntary incidental trace allergen labeling (VITAL) initiative in 2007 by the Australian food industry’s 

Allergen Bureau. VITAL sets up action levels (in mg total allergen protein per kg food consumed) for 

the major food allergens, based on the minimum provoking doses and consumption portions (Taylor 

et al., 2014). Based on this data, a quantitative risk assessment can be performed for the major 

allergens, enabling the determination of population threshold. 

Next, the project “Integrated Approaches to Food Allergen and Allergy Risk Management” (iFAAM 

project 2013- 2017) developed evidence-based approaches and tools for the management of allergens 

in food and integrates knowledge derived from their application and new knowledge from intervention 

studies into food allergy management plans and dietary advice. During this project, the Allergen 

Tracking Tool has been developed, which is an easy-to-use tool to help companies make an initial 

qualitative assessment for any allergen of which unintended allergen presence could occur during the 

production process and the supply chain8. This risk assessment approach is also based on the 

comparison of the potential intake of the unintended allergen with the sensitivity of the allergic 

population. 

Still, despite these efforts, no established population thresholds are currently put into regulation, 

except for Switzerland and Japan (both do not consider the no-observed adverse effect levels 

– NOALs – and lowest-observed adverse effect levels - LOAELs) (Gendel, 2012). Furthermore, as 

described in the work of Ballmer-Weber et al. (2015), the severity of the subjective symptoms should 

be considered when determining these threshold levels, because for some allergens, like hazelnuts, 

only mild symptoms can be observed at low doses. It is required to find a threshold at which the doses 

are low enough to protect severe allergic patients but avoids the needless restrictions of foods which 

will only provoke mild symptoms at low doses. 

Currently, the lack of a uniform approach at the European level with regard to PAL leads to divergences 

in the way the warnings are assessed by the competent national authorities9. Therefore, in 2016, the 

Joint Research Centre (JRC) of the European Commission, together with representatives of the 

competent authorities in the EU Member States, industry and patient groups, formulated general 

recommendations concerning the “Harmonization of approaches for informing EU allergen labeling 

legislation” (G. O'Connor, M. Haponiuk (DG SANTÉ), F. Ulberth, Joint DG SANTÉ and DG JRC, 

JRC108259). These are given below and must be taken into consideration for further risk assessment 

developments (BOX 2). 

                                                           
8 https://www.srpfoodallergy.com/article/ifaam-updated-food-allergen-risk-assessment-risk-management-tools-developed/ 
9 file:///C:/Users/vdk_m/Desktop/Finale%20doktoraat/Finale%20artikels/Newsltter10_2017-
10_DG_Sante_DG_JRC_Workshop_report_Geel_June_2016.pdf 
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BOX 2: General recommendations concerning risk assessment developments (Joint DG SANTÉ and DG JRC 

workshop, June 2016). 

Topic 1: Legislative and Allergy Sufferers Requirements   

1 Wording of PAL should be harmonized, in a way that it is simple, not misleading and provides for meaningful information (e.g. 

the term "may contain" was the one favored by the participants).   

2 General conditions of use of PAL should be established. In particular, PAL should only be used when an associated risk 

assessment has been performed. The conditions of use should be general ones (at EU, national or sector level).    

3 Any new provisions/approach with regard to PAL should be accompanied by appropriate consumer information and education. 

Topic 2: Risk-based approaches to allergen management   

1 Guidance on a harmonized risk assessment procedure or approach for PAL is necessary 

2 Framework on risk assessment should be feasible for all, including small - medium enterprises.  

3 Sectorial guidance which would take into account specific characteristics of different food business operators would be 

beneficial. 

4 Existing risk assessment tools such as the iFAAM tiered risk assessment or VITAL 2.0 are good starting points. 

To conclude, additional research is needed with cohort study population studies to establish relevant 

threshold levels of which the DBPCFCs are the foundation of the generated data (see section 2.2.1.5 

Oral food challenges). However, as described earlier, more work is required to improve the predictive 

value of the DBPCFCs, specifically, to better understand the effect of the food matrices which can have 

an impact on the allergic reaction (Crevel et al., 2008). Finally, if thresholds would be applied in the 

labeling regulation, the exact quantification of allergen traces is required. Therefore, quantitative 

allergen detection methods are needed. Yet, no standardized protocol exists regarding the detection 

of allergen traces in food matrices, and different detection strategies exist, all with their specified 

advantages and limitations. The allergen detection methods are further discussed in section 2.6 Food 

allergen detection methods. 

2.3.2.3. Harmonization of the global food allergen regulation & implementation 

Most countries and regulatory bodies have recognized food allergy as a major health issue, and are 

dealing with this issue by enacting label declarations. As mentioned earlier, nineteen reported laws, 

directives, regulations, and ministerial statements covering food allergen labeling have been 

conducted, containing discrepancies between each other. Due to the rising diversity of food products 

and the international trade market, this regulatory framework must be harmonized as much as 

possible to protect allergic consumers (Gendel, 2012). 
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2.4. The role of the food industry 

2.4.1. Introduction 

We will use the term food industry for all the food manufacturers and producers, the retailers, 

institutional caterers, and other food businesses who have to deal with the food labeling Regulation 

Directive No. 1169/2011. This will also include the food scientists and food technologists. 

As mentioned earlier, this regulation mandates that the food industry must declare the presence of 

the thirteen major food allergens listed in Annex II (see Table 2- 3), if these are intentionally added as 

ingredients. Food-allergic consumers rely on the food industry to produce safe food products and to 

label foods accurately to communicate the presence of allergens (Gupta et al., 2017). 

2.4.2. Hidden allergens and recalls 

Despite efforts to separate the foods containing major food allergens from other foods, cross-contact 

with allergens (i.e. unintentional introduction of allergen traces in food products or hidden allergens) 

can occur along many steps of the food chain (due to shared processing aids, raw material handling, 

storage, transport, people, cleaning, shared equipment, air particles in manufacturing area, supply 

chain, packaging, etc.) (Allen et al., 2014). The biggest incidence of undeclared allergens in the US due 

to such cross contact occurred for milk and milk products, followed by cereals containing gluten, egg 

and egg products, and soybean (Bucchini et al., 2017). In 2016, the RASFF, recorded six cases of 

consumers suffering from allergic reactions due to the presence of allergens which were not indicated 

on the food label. Furthermore, 107 allergen notifications were reported, of which milk, soya, nuts, 

and gluten were the most reported allergens. Quite often only traces of allergens were notified due to 

cross-contamination, which is not regulated at the EU-level. 

The unintended presence of allergens can lead to recalls and in the worst case to severe allergic 

reactions experienced by allergic consumers. A food recall, initiated by the food manufacturers or 

distributors initiates, takes the food out of the market. Such recalls can have a significant impact on 

the food company and allergic consumers, as they are expensive events, which are mostly not included 

in the normal budget plan and cause consumer dissatisfaction (Gupta et al., 2017). 

2.4.3. Food allergen management and risk assessment 

To overcome the presence of unwanted food allergens, the food industry must apply an appropriate 

food allergen control management plan and determine the risk for allergic reactions in an allergen risk 

assessment plan (see Figure 2- 5). An allergen management plan involves imposed practices for the 

safe handling and storage of raw materials, employee training, facility and equipment design, cleaning 

procedures, and product scheduling. However, when risk for cross-contact exists, PAL is used on a 



Chapter 2 

51 
 

voluntary and unregulated basis as mentioned earlier (see section 2.3.2.2 PAL, risk assessment, and 

threshold levels). 

 

Figure 2- 5. Schematic overview of the major responsibilities of the food industry regarding food allergens 

Allergen removal trough cleaning of shared equipment and materials has been described as one of the 

most critical points in the food allergen management process. Yet, not many studies have been 

performed dealing with the effectiveness of the cleaning protocols (Jackson et al., 2008). We refer to 

the work of Jackson et al. (2008) for a review regarding the cleaning and other control and validation 

strategies to prevent cross-contact in food-processing operations. Their work has been used to develop 

a general guideline for food manufacturers. 

As mentioned earlier, to perform the risk assessment of the food products and process equipment, 

reliable detection methods are needed. There are currently many different detection kits on the 

market and many laboratories are specialized to serve as a service lab to detect food allergens in food 

matrices. The detection of food allergens will be summarized in the following sections. 

2.5. The role of kit producers and research facilities to provide food allergen detection 

methods 

Reliable allergen detection methods are of utmost importance in the food allergen control. Regulatory 

compliance, the continuous investigations, food recalls, and confirmation of consumers complaints, 

are all examples of reasons why reliable allergen detection methods are needed. Quantitative methods 

are crucial to provide the information for food allergen risk assessment and to comply with the 
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regulatory labeling requirements once threshold levels will be established. However, quantitative 

detection remains problematic due to multiple reasons, such as hampered detection in complex 

matrices, cross-reactivities, and the immense amount of different food sources which can affect the 

test results differently. Both in academic and commercial research areas, detection methods are being 

developed, validated, and studied. The kit-producing sector is thus also an important part of the 

"analytical" or measurement community that supports the food and clinical communities. In the 

following section, food allergen detection methods and the requirements (validation parameters, 

reference materials) kit producers must deal with regarding the development, optimization, and 

validation of food allergen detection methods, is discussed further. 

2.6. Food allergen detection methods 

Food allergens detection methods can be classified based on their target of detection. An allergenic 

ingredient contains a genome (gene profile) for the concerned proteome (protein profile). Some of 

these proteins will be allergens causing the allergic reactions. The different detection methods target 

the genome or the proteome of these allergenic ingredients, with the exception of adenosine 

triphosphate (ATP) tests, like the AllerGiene ATP Swab for Allergen Control (Charm Sciences) and the 

ATP Hygiene Monitoring System (Fisher Scientific). ATP is present in the eukaryotic cells as a source of 

energy. In can be used for rapid (20 sec) on-site analyses. These are commonly used for verification of 

cleaning and environmental cleaning. However, this test is not allergen-specific. 

The current food allergen-specific detection methods can be classified into two main groups (Diaz-

Amigo & Pöpping, 2010): 

I) The protein/peptide-based detection methods: e.g. the enzyme-linked immunosorbent 

assay (ELISA), lateral flow devices (LTFs), and liquid-chromatography mass-spectrometry 

(LC-MS(/MS)); 

II) The DNA-based methods: e.g. real-time polymerase chain reaction (qPCR). 

Since multiple detection methods exist and no regulated detection strategy is defined, the end-users 

or laboratories have to choose the allergen detection method carefully (see Figure 2- 6). The following 

criteria can be considered when choosing a method: availability of the laboratory personnel and 

equipment, number of samples, number of allergens to detect, type of sample, food matrix, processing 

effects, frequency of testing, need for short analysis time, need for quantitative results, ease of use, 

degree of automation, and the costs10. 

                                                           
10 https://www.foodsafetymagazine.com/magazine-archive1/junejuly-2009/selecting-a-suitable-food-allergen-detection-

method 
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Figure 2- 6. Schematic overview of the different allergen detection methods (figure adapted from Platteau, De 

Meulenaer & Taverniers, 2011). 

2.6.1. General issues regarding food allergen detection methods 

The detection of food allergens must help the enforcement of the labeling of food allergens. Currently, 

multiple methods exist, of which a few are used frequently in the routine analysis. Still, plenty of 

limitations exist when applying the current methodologies, which are fully discussed in the work of 

Diaz-Amigo & Pöpping (2010). This section will briefly address some main issues. 

2.6.1.1. Food matrix and processing interference 

At first, detection methods must be investigated for matrix interferences and food processing effects, 

which can affect all types of detection methods. Matrix components can form covalent, ionic, and 

hydrogen/hydrophobic interactions with the targets. Target modification, denaturation, and 

degradation can occur during diverse food processing steps, such as extensively heating. This can lead 

to underestimations or false negative test outcomes (Diaz-Amigo & Pöpping, 2010). 

2.6.1.2. Reference materials 

Second, although multiple method validation studies have been published, there is still an absence of 

universally recognized reference standards for the validation of food allergen detection methods 

(Abbott et al., 2010). To be able to study and compare different detection methods, standardized and 

well-characterized reference standards must be available. As a consequence, different organizations 

and end-users make use of different analytical standards during validation and verification tests. The 
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reference standards must fulfill different criteria, i.a. they must be well characterized, stable under 

storage conditions, relevant for the testing procedures, and widely available for the different 

laboratories (Diaz-Amigo & Pöpping, 2010). Furthermore, the allergens must be homogeneously 

distributed in the matrix. Different efforts have been made to develop standardized reference 

materials, however, limitations to the knowledge and methodological abilities do not yet allow 

certification according to the international standards (ISO) requirements. 

There are different strategies to add the allergens into the food products when producing test 

materials. Most of the times, these are developed by adding the allergens into the food matrixes with 

no further treatment. When the allergen protein/DNA extractions are added to the matrices, we will 

refer to this as “spiking”. However, since matrix and processing effects can alter the extractability, 

these factors are not taken into account when using spiked food matrices. When adding the whole 

allergenic ingredient to the matrices, we will refer to this as “incurring” (Diaz-Amigo & Pöpping, 2010). 

Most of the times, these are incurred with no further treatments. Since most food products underwent 

some kind of food processing step, processed incurred matrices are more frequently being developed 

and tested. 

2.6.1.3. Sample preparation 

Third, the sample preparation (extraction, digestion, etc.) has a significant influence on the recovery 

of the detection targets, as has been shown by multiple comparison studies (Costa et al., 2015; 

Platteau et al., 2010; Steinhoff, Fischer & Paschke-Kratzin, 2011). In the study of Costa et al. in 2015 

for example, the importance of the DNA extraction on the recovery of allergens in complex food 

matrices, like chocolate, has been highlighted. In their study, DNA from almond and hazelnut model 

chocolates was extracted using seven different protocols. A Nucleospin protocol achieved the best 

results in terms of limit of detection (LOD), linearity, and range of amplification. 

2.6.1.4. Limit of detection  

Fourth, the LOD determines the lowest amount of analyte which can be detected in the food samples 

using a given method. For all the methods, the sensitivity has to be as low as the clinical thresholds of 

the allergens at which level no allergic reaction occurs for the majority of the allergic population. 

The analytical detection of trace amounts of allergenic ingredients can be complicated by difficulties 

with the extraction, the presence of other (often very abundant) components of the food matrix that 

can mask the allergen, or the type of food matrix and food processing which can hamper target 

detection. 

Most commercially available detection kits, based on ELISA and qPCR, reach limits of detection 

between 0.1 to 10 mg kg−1 (ppm). However, the reporting units can differ and can refer to the total 
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protein content, the whole food unit, or DNA copies, dependent on the kit. This must be considered 

when comparing the LOD values of the different detection methods (Diaz-Amigo & Pöpping, 2010). 

2.6.1.5. Specificity 

Fifth, the specificity of an analytical method is the ability to unequivocally assess the analyte in the 

presence of other food components which may be expected to be present. False positive results can 

be obtained when methods target markers which are also present in other components of food 

matrices. When validating a target, extensive database searching and practical experiments must 

assess possible cross-reactivity (van Hengel, 2007). However, it is not possible to analyze all the 

possible food products, so it is helpful to have more than one detection method per allergenic 

ingredient as a confirmation tool. 

2.6.1.6. Quantification 

Six, the quantification of traces food allergens is not that straightforward, the accuracy and precision 

of the results can differ by a variety of factors. 

Up till now, the quantification of traces of food allergens in matrices is mostly achieved using an 

external standard series containing known amounts of calibration components (van Hengel, 2007). The 

difficulty in working with external standard series is that appropriate standard materials corresponding 

to the respective food allergens and matrices are required. The efficiency of the sampling procedure 

(extraction, digestion, etc.) and detection of the targets can be hampered by complex food matrices 

and after several food processing steps. To overcome the dependency of matrix-matched standard 

curves, the use of internal standard materials and the principle of standard addition method (SAM) is 

increasingly used in the field of food allergen detection (Luber et al., 2014). Nevertheless, the use of 

internal standards can be more expensive. SAM, on the other hand, is a very laborious method since 

every food matrix needs its own standard series, which is not feasible in the routine practice when 

many samples consisting of different food matrices have to be analyzed. In order to fully understand 

the variability, accuracy and meaning of the results, the used calibration materials and conversion 

factors must also be understood (Diaz-Amigo & Pöpping, 2010). 

Calibration materials are often purified proteins/DNA dissolved in some sort of solution. It is not 

always well known in which solution and how the calibration materials were produced using 

commercial standards (from which source, etc.). Full knowledge of the used calibration materials is, 

however, necessary for the interpretation of the test results. For example, powdered commodities are 

usually used to spike food matrices for validation purposes. However, if an assay has been calibrated 

against purified protein and it reports the result as ppm protein, the recovery cannot be calculated 



Chapter 2 

56 
 

unless the content of the target protein in the reference powder material is known or, alternatively, a 

conversion factor for that material is used. 

Conversion factors are needed since assays detect either proteins/peptides or DNA (see section 2.6.2 

Overview of the most common allergen detection methods). Due to the regulatory requirements, 

food allergens are defined as a whole food commodity instead of the target proteins/peptides/DNA. 

Currently, the number of allergens are mostly presented in the literature by the total allergenic 

commodity or total protein content of this allergenic commodity. Therefore, dependent on the used 

calibration materials, tests report their results either as the whole commodity or as total proteins, 

using associated conversion factors. Conversion factors are in theory constants and are based on the 

concentration of total protein/DNA in the commodity (w/w). 

When targeting DNA, the difficulty for quantification is transforming copy numbers to the weight 

proportion of the allergenic commodity. However, the DNA yields (the copies of each gene) can vary, 

even with equal weights, because the cell density, genome size, and the copy numbers of target genes 

in the genomic DNA vary among different species (Ren et al., 2017). The same applies when detecting 

proteins or peptides since the protein content can differ between different varieties and by 

geographical and seasonal fluctuations, the determination of conversion factors is not that 

straightforward and currently still lacking (Nitride et al., 2018). For example, factor 2 is de default factor 

to convert gliadin into gluten based on the gliadin/gluten ration in some wheat varieties. However, this 

ratio varies depending on the cereal species and their varieties (Wieser & Koehler, 2009). So the use 

of conversion factors also introduces additional uncertainties to analytical results and must be handled 

with caution (Diaz-Amigo & Pöpping, 2010). 

It is very important to know which reporting unit can be read directly from the standard curve and how 

the whole commodity or the level of protein has to be calculated. In the case of antibody-based 

immunoassays which target proteins (see section 2.6.2.1 Antibody-based immunoassays), the 

calibrator can be expressed as protein concentration and the whole-protein or allergen commodity 

content can be calculated by the factor suggested in the manual. For example, egg reference materials 

contain 49 % protein, and egg proteins consist of approximately 26,3 % egg white, which allows the 

calculation from units of egg white to units of total egg-protein content (Siragakis & Kizis, 2013). 

However, sometimes the final results are presented as ppm whole allergen commodity, which does 

not allow correction of the used conversion factor if needed. 

2.6.1.7. General considerations 

Finally, the detection methods must fulfill the following requirements ideally to be applied in the 

routine analysis (Krska, Welzig & Baumgartner, 2004): 
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I) Sufficient sensitivity to detect traces of allergens which still can provoke an allergic 

reaction (e.g. ≤ 3 ppm total hazelnut or peanut according to the AOAC SMPR® 2016.002; 

Paez et al., 2016); 

II) Sufficient specificity to avoid cross-reactivity in different food matrices; 

III) Rapid and easy-to-use equipment. 

Still, much research is required concerning the food allergen detection methods, regarding the 

standardization (incl. reference materials, validation protocols, etc.), threshold levels, quantification, 

etc. Also, besides the currently most applied methods, research is still ongoing for alternative allergen 

detection methods such as biosensors, flow cytometry methods, etc. (see section 2.6.2.4 Alternative 

allergen detection methods). 

2.6.2. Overview of the most common allergen detection methods 

2.6.2.1. Antibody-based immunoassays 

Antibodies have been used over decades in the medical and scientific disciplines due to their ability to 

bind antigens with a high degree of affinity and specificity (Lipman et al., 2005). The antibodies 

recognize epitopes of varying size. These epitopes can be conformational or linear; dependent on their 

interaction with the antibody. Minor changes in the epitopes can alter these confirmations and thereby 

the strength of the interaction. Antibodies can cross-react with other antigens having similar epitopes, 

but usually with less affinity. The specificity of an antibody reflects the ability to recognize a specific 

epitope among other epitopes (Lipman et al., 2005). 

The applied antibodies can be monoclonal or polyclonal in nature, both having their advantages and 

limitations. Polyclonal antibodies (PAbs) are heterogeneous and recognize a host of antigenic epitopes, 

while monoclonal antibodies (MAbs) are homogeneous and consistent. MAbs are useful in evaluating 

changes in molecular conformation, protein-protein interactions, phosphorylation states, and in 

identifying single members of protein families. However, small changes in the structure of an epitope 

(e.g. due to food processing) can markedly affect the function of a Mab. For the PAbs, on the other 

hand, the effect of change on a single or small number of epitopes is less likely to be significant. Yet, 

due to their composite of antibodies with unique specificities, there is more chance for cross-

reactivities (Lipman et al., 2005). 

Over the years, multiple antibody-based immunoassays have been developed to detect food allergens 

in food products. These include immunoblotting, rocket immunoelectrophoresis (RIE), radio-

allergosorbent test (RAST), enzyme allergosorbent test (EAST), radioimmunoinhibition assay (RIA), 

ELISA, LTF, and dipstick tests. Immunoblotting, RIE, LTF, and dipsticks mostly offer qualitative or semi-

quantitative results whereas RAST, EAST, ELISA can be used as quantitative methods (Schubert-Ullrich 
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et al., 2009). ELISA and LTF/dipsticks are currently the method of choice in the routine, so only these 

tests will be discussed further. 

1. ELISA 

Up till now, ELISA is the most common method used in routine due to its ease of use (1 – 2 hours per 

analysis), relatively low cost, and the possibility to obtain high sensitivities and specificities. It allows 

quantification at concentrations below the clinical threshold levels (Diaz-Amigo & Pöpping, 2010). The 

work of Schubert-Ullrich et al. (2009) gives an overview of commercial rapid immunoanalytical tests, 

including the ELISA methods. 

As mentioned earlier, ELISA is an antibody-based method targeting proteins. ELISA depends on the 

proper recognition of the food proteins by the antibodies used. There are two different types of ELISA; 

the sandwich ELISA and competitive ELISA. The most commonly applied method is the sandwich ELISA, 

in which the proteins are captured by an immobilized primary antibody and subsequently detected by 

an enzyme-linked secondary antibody (see Figure 2- 7). The competitive ELISA, on the other hand, is 

also applicable for the detection of small analytes. There are several possibilities to perform a 

competitive assay. In this format, the analyte (antigen) is directly bound to the solid phase (see 

Figure 2- 7). 

The protein targets are not necessarily the food allergens itself, and mostly a mixture of allergenic and 

non-allergenic proteins are targeted instead of a single specific protein. Different ELISA detection kits 

target different protein/protein mixtures which can have a significant effect on the test outcomes. The 

limitation of the ELISA is that detection is based on the proper recognition of the allergens by the 

applied antibodies. Variations of matrices, food processing, and assay conditions can alter the antigen 

structure and hamper the detection. Although, polyclonal antibodies can deal with this variation to 

some extent, the sensitivity and specificity of the method can then be affected compared to 

monoclonal antibodies (Diaz-Amigo & Pöpping, 2010). 

For the major food allergens, commercial ELISA-kits are available. However, different extraction 

protocols, ranges of quantification, targets of detection, ELISA formats (sandwich, competitive), etc., 

can cause different test outcomes for the same tested samples. The overall performance of the ELISA 

test is affected by the efficiency by which the proteins are extracted from the samples and the 

detection of the antigens (Abbott et al., 2010). 

Insufficient knowledge regarding the epitope specificity of the antibodies can hinder the interpretation 

of the generated results (Garber & Perry, 2010). For this reason, multiple comparison studies have 

been conducted to evaluate the performance characteristics of numerous commercial food allergen 

ELISA detection kits or in-house developed ELISA methods (Cucu et al., 2011; Garber & Perry, 2010; 
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Heick et al., 2011; Jayasena et al., 2015). The study of Cucu et al. (2011) for example, investigated the 

effect of protein glycation in the presence or absence of wheat proteins on the detection of hazelnuts 

using ELISA. The Maillard impact on the detectability of hazelnuts was highly dependent on the type 

of ELISA kit used and had a significant impact on the test outcomes. 

2. Lateral flow devices 

LTFs and dipstick tests are simplified immunoassays using a membrane strip on which the antibodies 

or antigens are applied (see Figure 2- 7) (Posthuma-Trumpie, Korf & van Amerongen, 2009). A major 

advantage is that they are inexpensive and rapid (3 – 5 min) in comparison to other detection methods. 

Furthermore, they are portable and do not require technical lab skills. Hence, LFT-based methods are 

often used for rapid on-site analysis, such for food screening and for the verification of cleaning 

processes of different food processing equipment. 

LTF-based methods are less laborious and faster than ELISA, but they are not well suited for a 

quantitative assessment of the allergenic ingredient. Although quantification is possible, most 

commercial kits give only qualitative (allergen is present or not) or semi-quantitative (allergen 

presence is compared to relative levels) results. Furthermore, regulatory bodies often require a 

confirmatory test to be performed when samples test positive because the reproducibility can vary 

from lot to lot and there is a tendency for cross-reactivity (Sajid, Kawde & Daud, 2015). Also, the LFT-

based methods use antibodies (monoclonal/polyclonal), so they suffer from the same limitations 

mentioned in section 2.6.2.1 Antibody-based immunoassays - ELISA. There are different LTF kits 

available on the market for multiple allergens, e.g. for nuts, crustaceans, gluten, peanut, milk, soybean, 

and egg, and detection between 1 and 25 mg whole allergen per kg foodstuff is possible according to 

the kits’ manufacturers (Schubert-Ullrich et al., 2009). 

 

Figure 2- 7. Schematic presentations of the different antibody-based immunoassays (figure adapted from 

Schubert-Ullrich et al. 2009). A: Direct Sandwich ELISA/ B: Direct Competitive ELISA/ C: Lateral-flow assay based 

on the sandwich format  
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2.6.2.2. DNA-based methods - qPCR 

The DNA-based method qPCR is based on the amplification and real-time visualization of specific DNA-

fragments. The specificity is determined by the primers used that, ideally, only facilitate the 

amplification of the DNA sequence of interest (van Hengel, 2007). Real-time PCR can be used when 

ELISA is not possible or as an alternative confirmation technique. For example, this method is 

preferably applied when the protein content of the allergenic ingredient is too low for protein-based 

methods (e.g. for the detection of celery). Currently, many commercial qPCR kits are available for 

multiple food allergens (Holzhauser, 2018). 

This tool has the benefits to be highly specific and sensitive. Also, this technique allows multiplexing, 

which is less feasible for ELISA methods. However, one of the main disadvantages is that qPCR requires 

more expensive laboratory equipment and infrastructure, such as dedicated rooms, which is not 

practical for many food manufacturers for routine analysis. Furthermore, the detection of DNA is an 

indirect marker for the presence of allergens in the food products. The presence of marker DNA does 

not always implicate the presence of the allergens and vice versa, and the concentration of DNA may 

not correlate with the presence of the allergenic proteins (Diaz-Amigo & Pöpping, 2010). The DNA and 

proteins also have different stability properties in different matrices and food processing procedures. 

Additionally, quantitative determination of allergenic food ingredients using PCR is possible, but this is 

not that straightforward (Holzhauser et al., 2018). Since different food allergens have different DNA-

to-protein ratios, conversion of amounts of DNA to amounts of protein can be imprecise and a low 

DNA content can give a low sensitivity. However, efforts have been made to compensate for the 

variability in DNA extraction and amplification efficiencies by, for instance, using a unique internal 

standard (Holzhauser et al., 2014). Finally, DNA-based methods cannot be used for some allergenic 

ingredients. For example, PCR cannot discriminate between the DNA from egg (allergenic) and chicken 

meat (non-allergenic), leading to false-positive results (Lee & Kim, 2010). 

2.6.2.3. UHPLC-MS(/MS) 

1. General introduction UHPLC-MS(/MS) 

The last decade, the use of ultra-high pressure liquid-chromatography mass-spectrometry (UHPLC-

MS(/MS)) has gained much interest in the food allergen detection field due to its ability to quantify 

multiple proteins in complex matrices with high sensitivity. MS is an analytical technique which 

measures the masses of components within samples by ionizing these components and sorting them 

by their mass-to-charge (m/z) ratios (see Figure 2- 8 for the basic components of an MS). It has been 

used as a valuable alternative besides the currently applied ELISA- and qPCR-methods. Since this 

method does not depend on antigen-antibody binding, this method can overcome the hampered 

antibody binding due to matrix and processing effects (Koeberl, Clarke & Lopata, 2014). 
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The ever-increasing demand for detecting smaller quantities of samples are driving the development 

of more sensitive mass spectrometers, as well as high-resolution separation technologies, to provide 

structural information on individual components in complex mixtures of thousands of proteins derived 

from biological samples. Therefore, a rich variety of different MS/MS instrument configurations (with 

different capabilities in terms of speed, ionization method, resolution, sensitivity, and mass/charge 

range) have been developed both in research laboratories and in the marketplace for application to 

proteomics (Wysocki et al., 2005). An overview of the different MS detection systems is given in the 

work of Monaci & Visconti (2009). 

 

Figure 2- 8. Components of a mass spectrometer. Ion Source: For producing gaseous ions from the substance 

being studied. Analyzer: For resolving the ions into their characteristic mass components according to their mass-

to-charge ratio. Detector System: For detecting the ions and recording the relative abundance of each of the 

resolved ionic species. Figure adapted from http://www.premierbiosoft.com/tech_notes/mass-

spectrometry.html.  

A mass spectrometer should always perform the following processes: 

1. Production of ions from the sample in the ionization source. 

2. Separation of these ions according to their mass-to-charge (m/z) ratio in the mass analyzer. 

3. Eventually, fragmentation of the selected ions and analyze the fragments in a second 

analyzer. 

4. Detection of the ions emerging from the last analyzer and measuring their abundance with 

the detector that converts the ions into electrical signals. 

5. Processing the signals from the detector that are transmitted to the computer and control 

the instrument using feedback. 

Several different technologies are available for both ionization and ion analysis, resulting in many 

different types of MS approaches with different combinations of these two processes. In practice, 

some configurations are far more versatile than others. The following descriptions will only focus on 

the major types of ion sources and mass analyzers likely to be used for LC-MS systems in the food 

allergen identification/detection area.  

http://www.premierbiosoft.com/tech_notes/mass-spectrometry.html
http://www.premierbiosoft.com/tech_notes/mass-spectrometry.html


Chapter 2 

62 
 

2. The ionization source 

Nowadays, matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) 

remain the two key methods for protein and peptide ionization. For a detailed description of both 

techniques, we refer to the work of Chen (2008). ESI has the advantage of having a high degree of 

instrumental flexibility and the ability to obtain high reproducibilities. Since ESI generates multiple 

charged ions, biomolecules with lower m/z-ratio’s will be generated which can be fitted to multiple 

MS analyzers. Therefore, ESI has been applied more in routine for allergen detection purposes (Chen, 

2008; Pitt, 2009). 

3. Mass analyzers 

All commonly used mass analyzers use electric and magnetic fields to apply a force on charged ions. 

The major used mass analyzers will be listed below. 

• The quadrupole analyzer  

The quadrupole analyzer consists of a set of four parallel metal rod. A combination of constant and 

varying (radio frequency) voltages allows the transmission of a narrow band of m/z values along the 

axis of the rods. By varying the voltages with time, it is possible to scan across a range of m/z values, 

resulting in a mass spectrum. The mass resolution, however, is seldom better than 0.1 m/z. 

As an alternative to scanning, the quadrupoles can be set to monitor a specific m/z value, then set to 

monitor another m/z value, and so on. This is achieved by stepping the voltages. This technique is 

useful in improving the detection limits of targeted analytes because more detector time can be 

devoted to detecting specific ions instead of scanning across ions that are not produced by the analyte. 

Stepping can be carried out in a few milliseconds and a panel of m/z values can be stepped through 

for the detection of several analytes (Pitt, 2009). 

Ions can be induced to undergo fragmentation by collisions with an inert gas such as nitrogen or argon, 

a process called collision-induced dissociation (CID). One type of collision cell is a quadrupole that has 

been designed to maintain the low pressure of the collision gas required for dissociation and transmit 

most of the fragment ions that are produced. A particularly useful MS configuration is obtained by 

placing a collision cell between two quadrupole mass analyzers. This combination is called a triple 

quadrupole MS (QQQ) and is an example of tandem MS in which two or more stages of mass analysis 

are independently applied (see Figure 2- 9). The advantage of tandem MS is the greatly increased 

specificity of the analysis over single stage mass analysis. The first and third quadrupoles can also be 

simultaneously stepped to different m/z values, and panels of precursor/ product ion pairs can be 

created to specifically detect a large number of targeted analytes. This process, called multiple 

reaction monitoring (MRM), is commonly used in LC-MS assays (Pitt, 2009). 
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In the area of food allergen detection, where high sensitivities are required, analyzing complex food 

samples, MRM has emerged to precisely and quantitatively analyze complex biological samples. MRM 

greatly improves the sensitivity by reducing the interferences of the matrix and co-eluting peptides. 

Studies have already reported detection limits in the 0.1 – 5 mg range (also using different reporting 

units), comparable with ELISA and qPCR methods. Since amino acids are also vulnerable to matrix and 

processing effects (e.g. methylation, oxidation, etc.), the recovery of this method must also be 

examined thoroughly in complex food matrices (Croote & Quake, 2016). 

 

Figure 2- 9. Principle of MRM performed on a triple quadrupole mass spectrometer. The precursor ion selected 

by the first mass filter (Q1) enters the collision cell (Q2) where it undergoes collision-induced dissociation. One 

fragment ion is then selected by the second mass filter (Q2). Multiple precursor/fragment ion pairs can be 

monitored sequentially within a measurement cycle (Gallien, Duriez & Domon, 2011). 

• Time-of-flight Analyzers  

The time-of-flight (TOF) analyzer operates by accelerating ions through a high voltage. The velocity of 

the ions, and hence the time taken to travel down a flight tube to reach the detector depends on their 

m/z values. If the initial accelerating voltage is pulsed, the output of the detector as a function of time 

can be converted into a mass spectrum. The TOF analyzer can acquire spectra extremely quickly with 

high sensitivity (Pitt, 2009). 

Further TOF optimizations have been made, such as the generation of QuanTOF® (Waters) with a dual 

stage reflectron (see Figure 2- 11). By doing so, the mass resolution of a reflectron TOFmass 

spectrometer can considerably be improved (resolution over 40000 FWHM). 

• Ion Trap Analyzers  

Ion trap analyzers use three hyperbolic electrodes to trap ions in a three-dimensional space using static 

and radio frequency voltages. Ions are then sequentially ejected from the trap on the basis of their m/z 

values to create a mass spectrum. Alternatively, a specific ion can be isolated in the trap by the 

application of an exciting voltage while other ions are ejected. An inert gas can also be introduced into 
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the trap to induce fragmentation. An interesting feature of these ion trap analyzers is the ability to 

fragment and isolate ions several times in succession before the final mass spectrum is obtained, 

resulting in so-called MSn capabilities (Pitt, 2009). 

• Hybrid analyzers 

Tandem mass spectrometers that use combinations of different mass analyzers have also been 

developed. Two configurations that are particularly useful for LC-MS are described below. The third 

quadrupole of a triple quadrupole MS can be replaced by a TOF analyzer to produce a hybrid 

quadrupole time-of-flight (QTOF) mass spectrometer. QTOF instruments have been used extensively 

in the proteomics field but are more limited in their scanning functions than triple quadrupole 

instruments. It is also possible to design instruments in which the third quadrupole of a triple 

quadrupole MS operates in a different mode, trapping ions and sequentially ejecting them based on 

their m/z values. This is known as a linear ion trap and the overall configuration is often referred to as 

a QTrap instrument (Pitt, 2009). 

4. Separation by Liquid chromatography 

Since food matrices contain a tremendous amount of different proteins, a direct analysis without pre-

separation would be extremely difficult. Hence, for high-performance, separation and/or 

isolation/purification of proteins is required. Liquid chromatography (LC) is the most widely applied 

method for protein separation in the area of food allergen detection. LC techniques are suitable for 

automation, allow very short analysis time and are able to obtain good separations of acidic and basic, 

as well as low- and high-molecular-weight proteins (Monaci & Visconti, 2009). Current ion sources are 

capable of handling a wide range of flow rates and mobile phase compositions so existing LC 

separations can often be directly coupled to the mass spectrometer. Ultra-high performance liquid 

chromatography (UHPLC) is an important advancement in chromatography due to the significantly 

improved speed, resolution, and sensitivity. UHPLC typically uses separation media with a particle size 

less than 2 μm. These systems operate under very high pressure (+/- 15000 psi) to accommodate the 

use of small particles. This technology allows for faster flow rates while maintaining the separation 

efficiency and thus increasing the sample throughput of analysis (Simó, Cifuentes & García-Cañas, 

2014). For protein separation, the vast majority uses reversed-phase (RP) on columns that contain C18 

or C8 bonded stationary phases due to their stability, retentivity, and reproducibility. For example, a 

second generation hybrid technology has been developed by Waters, the ACQUITY UPLC™ BEH 

technology including ACQUITY UPLC™ BEH T M C18 and C8 columns11. 

                                                           
11 http://www.ecs.umass.edu/eve/facilities/equipment/Acquity/UPLC%20column%20Brochure.pdf 
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5. Bottom-up versus top-down approaches 

Two fundamental strategies for protein identification by MS are employed in proteomics: the bottom-

up and top-down approaches. In the bottom-up approach, complex protein mixtures are subjected to 

enzymatic or chemical cleavage, and the peptide products are analyzed by mass spectrometry. For the 

top-down approach, intact protein ions are subjected to gas-phase fragmentation for mass 

spectrometric analysis (Chen, 2008). While the top-down is more advantageous over the bottom-up 

approach for examining protein modifications, the bottom-up is more mature and broadly used for 

protein identification and detection. Proteins are generally more complicated to handle than small 

peptides, largely due to their poor solubility. While the small peptides generated in the bottom-down 

approach are highly soluble in LC-MS conditions, proteins may differ in their solubility under the same 

conditions. In addition, most top-down applications are limited to proteins of less than 50 kDa since a 

protein’s tertiary structure becomes more difficult to disrupt when the protein’s molecular weight is 

higher. Sensitivity is also a major challenge because effective fragmentation of a high-molecular-mass 

protein implies that the protein will break up in a very large number of different ways. Thus, the 

intensity of any given fragment will be weak compared to that from small low-molecular-mass peptides 

(Chait, 2006). 

In general, the bottom-up approach involves first the extraction, reduction, alkylation, and enzymatical 

digestion of the proteins into smaller peptides (Croote & Quake, 2016). The enzymatic digestion of the 

proteins is commonly performed prior to UHPLC separation and MS detection. During the digestion 

process, large proteins will be cleaved into smaller peptides, and thus potential matrix interferences 

and associated interactions with other proteins are reduced. These reductions will lead to the removal 

of complicating factors and make the UHPLC−MS/MS analysis more reproducible (Koeberl, Clarke & 

Lopata, 2014). For the actual enzymatic digestion, various proteolytic enzymes can be used with 

specific cleavage sites, like trypsin and chymotrypsin. The most commonly used enzyme is trypsin due 

to the well-known cleavage sites between the amino acid arginine (R) and lysine (K). These amino acids 

occur in proteins common enough to obtain sufficient peptide fragments from most proteins 

(Kolsrud et al., 2012). Yet, other proteases (or mixes of them) can be used in order to digest the 

proteins more efficiently. 

Disulfide bridges tether different regions in a protein and thereby compact its three-dimensional 

structure (Maleknia & Johnson, 2011). This compacting inhibits the ability of the proteases to access 

the cleavage sites, which can lead to incomplete digestion. Therefore, proteins with disulfide bonds 

must be reduced and alkylated prior to enzymatic digestion in order to enhance the efficiency of the 

cleavage. Reduction of disulfide bonds can be achieved with either dithiothreitol (DTT) or tris(2-

carboxyethyl)phosphine (TCEP). For the alkylation, iodoacetamide is mostly used (Maleknia & Johnson, 
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2011). The complex mixture of peptides is separated during LC based on differences in relative affinity 

of the peptides for the column (stationary phase) and solvent (mobile phase). Eluting peptides are then 

ionized during MS and subsequently detected by the MS (Croote & Quake, 2016). 

6. MRM development for the detection of food allergens in food matrices – general workflow 

– bottom-up approach 

Since the targeted peptides are surrogates for the proteins, proteomics requires a particular workflow 

to select the peptides suited for LC-MS measurements. The technical aspects to develop an MRM 

method includes five main steps, presented in Figure 2- 10, adapted from the work of Gallien, Duriez 

& Domon (2011) with minor modifications. 

 

Figure 2- 10. Principle of the development and validation of a UHPLC-MS/MS MRM-based method. On the left: 

Schematic overview of the main steps. On the right: Schematic overview of the identification of peptides using 

the HRMS and PLGS database search. 

Step 1 includes the identification of a set of peptides from a set of allergenic food ingredients derived 

from their respective proteins, suitable for UHPLC-MS/MS detection (instrumental peptide selection). 

The main advantage is that the global peptide profiles can be analyzed from different samples and 

conditions. This can be achieved using a high-resolution MS (HRMS), for example, the HRMS Synapt 
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G2-S® (Waters) in MSE mode. The generated data can then be transferred into a software algorithm 

for assessing peptides to MS/MS spectra (e.g. ProteinLynx Global Server - PLGS; Waters & MASCOT, 

X!Tandem, SEQUEST). 

The Synapt G2-S is a High-Resolution UHPLC-MS detection system, capable of separating mass 

fragments at the fourth decimal place (exact mass) (Pleil & Isaacs, 2016). For a schematic overview, 

see Figure 2- 11. It is an ion mobility/mass spectrometry (IM/MS) instrument equipped with an 

electrospray ionization source12. The MS can be applied in the MSE acquisition mode, which is a mode 

where parallel alternating scans are acquired at either low collision in the collision cell to obtain 

precursor ion information, or high collision energy to obtain full-scan accurate mass fragments and 

precursor ions (Plumb et al., 2006). Due to the high-resolution (40000 FWHM) and generated MSE data, 

this method is well suited to identify the most abundant peptide ions for each allergen in complex 

samples. 

 

Figure 2- 11. Schematics of the Waters Synapt-G2 HDMS. Figure adapted from https://www.chem.tu-

berlin.de/SchwarzGroup,%20equipment%20and%20Experimental%20Techniques,%20Waters%20Synapt-

G2%20HDMS.htm  

In silico peptide selection is another strategy for selecting marker peptides when an HRMS is not 

available. In this approach, target protein sequences are retrieved from a database, e.g. UniProt 

                                                           
12 http://www.waters.com/waters/en_BE/SYNAPT-G2-Si-High-Definition 

MassSpectrometry/nav.htm?cid=134740622&locale=116). 

https://www.chem.tu-berlin.de/SchwarzGroup,%20equipment%20and%20Experimental%20Techniques,%20Waters%20Synapt-G2%20HDMS.htm
https://www.chem.tu-berlin.de/SchwarzGroup,%20equipment%20and%20Experimental%20Techniques,%20Waters%20Synapt-G2%20HDMS.htm
https://www.chem.tu-berlin.de/SchwarzGroup,%20equipment%20and%20Experimental%20Techniques,%20Waters%20Synapt-G2%20HDMS.htm
https://www.google.be/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjt3Y200qLaAhVHL1AKHZKYA2wQjRx6BAgAEAU&url=https://www.chem.tu-berlin.de/Schwarz-Group, equipment and Experimental Techniques, Waters Synapt-G2 HDMS.htm&psig=AOvVaw25JhTiJpjnYHXpKjdkAgGC&ust=1522999041894735
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(http://www.uniprot.org/), to perform an in silico digestion using open-access software, e.g. Skyline or 

MRMaid (MacLean et al., 2010; Mead et al., 2009, Planque et al., 2017). 

The preliminary selection of the precursor peptides can be based on the intensity of the precursor 

peptide and the amino acid sequence. Peptides with amino acids prone to modification should 

preferably not be selected. Furthermore, peptides with missed cleavage sites after digestion must be 

avoided in peptide selection. Preferably, the length of the peptides should be between six and twenty 

amino acids (Koeberl, Clarke & Lopata, 2014). Indeed, short peptides are less likely to be unique, 

whereas peptides with long sequences have poorer MS ionization efficiencies. Next, the identified 

peptides with the highest intensities must be blasted using the BLAST tool of the UniProt database to 

guarantee the specificity of marker peptides. This step is mandatory but not always included in method 

development. It is not always possible that precursor peptides are species-specific due to the sequence 

homology of proteins in closely related species (Planque et al., 2017). 

Step 2 includes the validation of the selected precursor peptides in step 1, analyzed in MS mode on 

the same or another LC-MS system (e.g. the Xevo TQ-S which is a tandem quadrupole MS). For 

example, the Synapt G2-S (Waters) cannot be applied to perform MRM analysis (MS/MS mode) for the 

actual detection of traces allergens in food matrices. Therefore, the selected peptides must be further 

validated using another LC-MS system. Since the fragmentation and RT can vary from instrument to 

instrument, it is important to validate the observed peptides prior to further optimization. This can be 

done using the RT obtained with the HRMS and the fragmentation pattern obtained in product ion 

scan mode for each peptide applying LC-MS/MS. 

During step 3, the final precursor-fragment peptide transitions can be selected based on the following 

criteria: 

- Easily detectable with the LC-MS/MS system; 

- Abundance in the allergenic commodity; 

- Reproducibility retentions times; 

- Precursor ion that is preferably double or triple charged; 

- Product ion that is reproducible transitions specific to the peptide. 

Since low-energy CID is used, mostly y- and b-ions will be generated (Figure 2- 12) (Maleknia & 

Johnson, 2011). 

http://www.uniprot.org/
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Figure 2- 12. Peptide fragmentation notation (based on the scheme of Roepstorff and Fohlman, 1984) 

The specificity of the peptide-fragment transitions must be further assessed experimentally since co-

eluting compounds can interfere with the detection. This can be achieved by examining the occurrence 

of the different peptide transitions in different food ingredients. The most sensitive and specific 

transitions must be used for further experiments (Korte, Lepski & Brockmeyer, 2016). 

Step 5 must include a validation study of the developed method. 

7. Food matrix interferences 

In the context of food matrix interferences, MRM measurements of food samples are commonly 

affected by nonspecific interferences, ranging from insignificant to detrimental. The key factors 

contributing to these problems are interference and ion suppression by the components of the sample 

matrix (Abbatiello et al., 2010). The components giving rise to these deleterious effects are often 

referred to as chemical and biological “noise,” but in fact, these are often real sample constituents, 

but just not the analytes of interest. Therefore, more research is needed regarding the development, 

optimization, and validation of MRM methods to detect traces of allergens in different kinds of food 

matrices. 

Interference occurs when other co-eluting sample components also produce the product and 

fragment ions monitored for the analyte of interest (Abbatiello et al., 2010). This can lead to false-

positive identifications or to an increased background signal from which the fragment ion can no longer 

be differentiated with an appropriate signal to noise (S/N) ratio. This is especially detrimental for low 

abundant analytes existing at trace level in a complex background with similar chemical entities. This 

is also the case for traces of food allergens in complex food matrices. In food allergen analysis, both 

the analytes and the background in the samples comprise of the same chemical composition, i.e. 

proteins and peptides, which remains the main challenge of interference, and thus has a significant 

effect on the limit of detection/quantification (LOD/LOQ), recovery, and specificity (Domon, 2012). 
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Figure 2- 13 gives an illustration of the impact of interferences in MRM measurements of simple and 

complex samples. These results show that the interferences directly impacts the detection and 

quantification of low abundance peptides in the matrix. 

 

Figure 2- 13. Illustration of the impact of interferences in  SRM measurements of simple and complex samples. 

Left chromatogram: The absence of interference contribution to the signal of the transitions in aqueous solution 

allowed the unambiguous detection/quantification at a very low level of the peptide (50 amol, B). Middle 

chromatogram: A more complex matrix (500 ng of urine protein digest) provided significantly increased transition 

signals, despite the absence of the targeted peptide. Right chromatogram: Due to the background interferences 

of the urine protein digest, only the trace of the less interfered transition presented a regular chromatographic 

elution profile of 50 amol of peptide B. These interferences directly impacted the detection and quantification of 

low abundance peptides in the matrix. Figure adapted from Domon (2012). 

Ion suppression manifests as a change (most often a decrease) of the ion current response in the mass 

spectrometer for the same amount of analyte analyzed from different samples (Abbatiello et al., 2010). 

It results from the presence of less volatile compounds which can modify the droplet formation 

efficiency or droplet evaporation, which in turn affects the amount of charged ions in the gas phase 

that finally reach the detector. The mass and charge of individual sample molecules are also 

contributing factors for ion suppression. It has been shown, for example, that molecules with a higher 

mass will suppress the signal of smaller molecules and that polar analytes are more prone to 

suppression (Annesley, 2003). Furthermore, competition can occur between analyte and matrix 

components for access to the available charge, dependent on the environment in which ionization and 

ion-evaporation take place. A full overview regarding the causes of ion suppression is provided in the 

work of Furey et al. (2013). Thus in general, the suppression effects can increase with the complexity 

of the matrix and with the presence and concentration of ionizable sample constituents. Nevertheless, 

even when considerable efforts have been taken to remove these sample constituents and to prepare 

samples as consistently as possible, small unseen variations in sample constitution or chromatographic 

elution can produce interference or suppression in a sample which will not be observed in a seemingly 

identical sample (Abbatiello et al., 2010). 
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8. Peptide modifications 

For the development of reliable MS food allergen detection methods, it is advised to select stable 

peptides, since peptide modifications will render the detection of the allergens even more impossible 

due to e.g. shifts in mass-to-charge ratios. Peptides with amino acids susceptible to chemical 

modifications should preferable not be selected, such as cysteine (reactive thiol group), methionine 

(oxidable), asparagine and glutamine (deamidation), and N-terminal glutamine (pyroglutamate) 

(Gomaa & Boye, 2015, Picariello et al., 2011). Also, tyrosine and tryptophan residues are known to be 

prone to oxidation (Cucu, De Meulenaer &  Devreese, 2012). 

2.6.2.4. Alternative allergen detection methods 

In food analysis, multiple alternative methods are still being developed and published, with specific 

attention to the sensitivity, automatization, and multiplexing. Also, adaptations of the routine methods 

are continuously being published in order to improve the current methods’ performances (e.g. 

improving the sensitivity, specificity, and recovery, reducing the sample processing time and cost, etc.). 

In this work, only a few alternative allergen detection methods will be summarized. 

The surface plasmon resonance (SPR) - biosensor has also become an accepted method for food 

allergen detection (Homola, 2008). This can be used to detect both DNA and proteins as targets. With 

sensitivities down to 1 – 12.5 ppm (mg/kg) allergens in food samples, the SPR-based biosensors achieve 

the same sensitivities as ELISA, qPCR, and LC-MS/(MS) methods. The major advantages of the SPR are 

a.o. the short assay time (minutes), the potential for automation, the potential to multiplex, and the 

label-free detection (van Hengel, 2007). The major disadvantage is the high equipment cost for both 

the machine and chips compared to other antibody-based methods like ELISA. Also, this method still 

depends on proper antigen-antibody binding. So, still, a hampered antibody binding by matrix 

interferences and food processing can occur, as mentioned earlier (Homola, 2008). 

Microsphere-based flow cytometric system is an alternative antibody-based method to determine 

the antigenic profile. Multianalyte profiling technology (xMAP®) provides a multiplex solution for the 

simultaneous detection, identification, and quantitation of as many as 100 different analytes. By 

conjugating different capture agents (e.g., antibodies, aptamers, and nucleotide sequences) to 

different color-coded bead sets, it is possible to run simultaneously the equivalent to 100 capture-

based assays (e.g. ELISAs) in a single run (Cho et al., 2015). 

2.6.3. Validation of allergen detection methods 

Validation can be defined as the demonstration of the reliability of the methods’ performance for the 

purpose it was developed for. However, different validation strategies exist regarding the 

determination of performance parameters of the food allergen detection methods. In the field of food 



Chapter 2 

72 
 

allergen analytical detection methodologies, validation is not only of significance for the developers 

but also for the end users (Monaci & Visconti, 2010). 

Since no regulated standardized validation strategies exist, different guidance reports were published 

to assist the standardization for the validation of allergen detection methods (Abbott et al., 2010; 

Horwitz, Albert & Deutsch, 2000; Paez et al., 2016). Furthermore, European Standards (EN) were set 

up, presented in a number of  reports to harmonize and assist the validation of food allergen detection 

methods (prEN 15633-1: Foodstuffs - Detection of food allergens by immunological methods - Part 1: 

General considerations; prEN 15634-1: Foodstuffs - Detection of food allergens by molecular biological 

methods - Part 1: General considerations; prEN 15634-2: Foodstuffs - Detection of food allergens by 

molecular biological methods - Part 2: Celery (Apium graveolens) - Qualitative determination of a 

specific DNA sequence in cooked sausages by real-time PCR; prEN 15842: Foodstuffs - Detection of 

food allergens. General considerations and validation of methods; prEN 17254: Foodstuffs - Minimum 

performance requirements for determination of gluten by ELISA). Despite all presenting guidelines 

containing the minimal requirements for food allergen detection and validation, they are not widely 

used. 

One of the institutions which assists the validation of assays, is the Performance Tested Methods 

Program of the AOAC research institute (RI), which has started in 1992 and has become the premier 

method certification program for proprietary methods13 (Schubert-Ullrich et al., 2009). For example, 

in 2003, the AOAC research institute conferred its Performance Tested Method Status No.030403 on 

the Veratox® for Peanut Allergen after its independent performance review. In its certification, the 

AOAC RI stated that the test kit "has been validated and certified as a Performance Tested Method by 

the AOAC RI as an effective method for the detection of peanut proteins at levels as low as 5 ppm in a 

variety of foods, including breakfast cereal, cookies, ice cream, and milk chocolate"14. 

The market for commercial allergen detection kits has evolved fast in the last decades due to the rising 

global awareness of food allergies and the allergen labeling regulation. However, the data on method 

validation is still rather poor and more and more efforts have been made the last years to harmonize 

these validation procedures. More harmonization and validation studies are needed and inter-

laboratory studies are preferred to validate the detection methods (Paez et al., 2016). 

For example, a commercial hazelnut ELISA (R-Biopharm) has been validated for dark chocolate by the 

German Federal Office of Consumer Protection and Food Safety (BVL). The aim of the BVL is to make 

                                                           
13 http://www.aoac.org/aoac_prod_imis/AOAC_Member/RICF/RIPTM_M.aspx 
14 http://www.neogen.com/uk/neogens-veratox-for-peanut-allergen-receives-aoac-ri-validation 
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the communication of risks more transparent and to better manage risks before they turn into crises15. 

The BVL published an online database, offering an “Official collection of test methods pursuant to 

foods and other commodities act” (Schubert-Ullrich et al., 2009). 

Validation of analytical methods used along with participation in proficiency tests are significant 

elements of laboratory quality assurance. Laboratories should perform these methods under a well-

established quality assurance/quality control system, as well as prove competence for their results. 

The ISO/IEC 17025:2005 accreditation is a requirement for laboratories which are entrusted with the 

official control of food and feeds, according to Article 12 of EU Regulation (EC) 882/2004. Participation 

in existing suitable proficiency testing schemes is included among the ISO 17025 requirements for the 

respective laboratories16. 

2.7. Consequences for food allergic patients 

Since no cure exists for food allergy patients, patients must maintain a degree of vigilance, dependent 

on the severity of their reactions, to prevent food allergic reactions. As mentioned before, this is not 

that straightforward (Flokstra-de Blok et al., 2010). Despite taking precautions, there is always a chance 

for accidental exposure, which can be fatal for severe allergic patients. Also, it is difficult for food 

allergic patients to eat out such as restaurants, schools, and day care centers where personnel is not 

always educated appropriately. Furthermore, the knowledge that exposure may result in rather severe 

allergic reactions, can cause more anxiety. For example, food allergy is the most common cause of 

anaphylaxis. In the US, 100 to 150 deaths per year are reported due to food allergic anaphylaxis 

(Muñoz-Furlong &  Weiss, 2009). This all has a negative total effect on the health-related quality of life 

of the patient (Flokstra-de Blok et al., 2010). 

Avoidance is currently complicated by the voluntary and unregulated nature of PAL, resulting in 

abundant use of this labeling. Hence, patients are advised to avoid the foods with such warning signs. 

However, since so many products contain these labeling, the allergic consumers become frustrated 

regarding the limitations of their food choices and questioning the truthfulness of these warnings. This 

has led to ignorance of these labels; a risk behavior which is compared to as playing Russian roulette 

(Muñoz-Furlong &  Weiss, 2009). 

2.8. Food allergen management, a multi-sector health issue - overview 

In general, it can be concluded that the development of an effective management strategy for allergic 

patients is still hampered by the lack of information in the field of allergy diagnosis, allergen labeling 

                                                           
15 https://www.bvl.bund.de/EN/Home/homepage_node.html 
16 https://www.iso.org/standard/39883.html 
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regulation, and allergen detection. Food allergy is an increasing problem for all stakeholders who have 

to deal with this issue, including health care, regulatory authorities, the food industry, the kit suppliers, 

and the patients themselves (including the surrounding families and friends). Since many issues are 

interdependent/interrelated, this problem is of a multidisciplinary nature. Some examples will be given 

below, which are depicted in Figure 2- 14. 

For example, health care is responsible for the generation of population studies, whereby the 

minimum EDs of the allergens can be determined. This must be achieved by standardized diagnostic 

methods, which are currently lacking. ED values can be useful for the determination of threshold levels 

in the allergen labeling regulation and the allergen risk assessment. The allergen detection methods 

must then be able to detect the allergens in the food matrices at this threshold level (see the black 

dotted line in Figure 2- 14 for a schematic overview). 

Subsequent, fundamental research is required to determine strategies to assess the potential of new 

food proteins entering the food chain for eliciting sensitization and allergic reactions in allergic 

patients. When new proteins pose a relevant risk to the allergic population, the allergen labeling 

regulation must be adapted. Adaptations of the food allergen labeling affect the food industry, as they 

have to implement the adaptations by enforcing the allergen management strategy and by applying 

an appropriate allergen risk assessment (see the purple dotted line in Figure 2- 14 for a schematic 

overview). 

Finally, more research regarding the diagnostic methods and therapeutic strategies can be helpful for 

the clinical assistance of the allergic patients, who are up till now, still dependent on the reliable 

communication of the presence of allergens in food products. It is the government’s and the food 

industry’s responsibility to facilitate the communication towards the allergic consumers by using a 

clear and reliable allergen labeling (including the appropriate use of PAL ), the health care sector should 

be fully educated concerning this matter and assists the patient where possible with his diet. 
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Figure 2- 14. Schematic overview of all the facets covering food allergy with the involved responsible sectors 
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Objectives 

The aim of this study was to gain more information in the field of food allergen detection using ultra-

high performance liquid chromatography tandem mass spectrometry (UHPLC-MS/MS) methods 

(PART I) and food allergy diagnostics using double-blind, placebo-controlled food challenges 

(DBPCFCs) (PART II). See Figure O- 1 where both objectives are situated in the schematic overview of 

all the facets covering food allergy management. 

 

Figure O- 1. The objectives of this PhD thesis presented in the schematic overview of all the facets covering food 
allergy 

Part I: Food allergen detection - Ultra-high performance liquid chromatography tandem mass 

spectrometry 

The aim of PART I is to facilitate the detection of food allergens (in particular nut allergens) by using 

ultra-high performance liquid chromatography tandem mass spectrometry (UHPLC–MS/MS) multiple 

reaction monitoring (MRM) - based methods. As mentioned in section 2.6.2.3 UHPLC-MS(/MS), the 

use of MS in the field of allergen detection considerably expanded in recent years and offers a good 
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alternative for the currently most frequently used ELISA - and qPCR methods since MS offers the 

possibility to multiplex and to overcome detection problems associated with matrix and food 

processing effects. 

In Chapter 3a, a multiplex UHPLC-MS/MS method will be conducted to detect traces of nut allergens 

in incurred wheat flour matrices since at the start of this study, not much research has yet been 

conducted regarding the detection of multiple nuts using incurred food matrices by UHPLC-MS(/MS) 

methods. Tree nuts and peanuts were chosen as targets since these are considered as the major causes 

of food allergy in Europe, generally persisting the entire patient’s live. Since no reference materials are 

available yet to develop and evaluate the detection methods with, an incurring protocol will be 

developed for the production of wheat matrices containing trace levels of nut allergens. Chapter 3b 

will give some additional information about the performance of this developed UHPLC-MS/MS method 

in a more processed food sample, namely roasted cookies, since UHPLC-MS/MS also suffers from 

potential recovery issues due to food processing and matrix interferences. 

In Chapters 4a and b, we will tackle the current problematic presence of peanuts in chili pepper spices. 

The recent detection of nuts (including peanut) in spices across the globe has led to enormous recalls 

of several spices and food products the latest years. The lack of validated detection methods specific 

for spices makes it difficult to confirm the allergen presence at trace levels. Since UHPLC-MS/MS is the 

method of choice to become the confirmatory method in the field of food allergen detection, in 

Chapter 4a, this method will be optimized for this particular purpose. Chapter 4b will give some more 

insights into the performance of multiple peanut detection methods (commercial ELISA and qPCR 

methods and the in-house developed UHPLC-MS/MS method) in different spice samples. 

Part II: Food allergy diagnosis - Double-blind, placebo-controlled food challenges 

The aim of PART II is to facilitate the use of DBPCFC matrices for routine use in the daily clinical setting. 

As described earlier, DBPCFCs are supervised oral food challenges in which the patient ingests the 

suspected food under blinded conditions. Despite the multiple attempts which have been made to 

standardize the protocol of these challenges, this test still suffers from practical issues and limitations, 

such as the standardized preparation of the food matrices. By producing easy to prepare DBPCFC 

matrices, this test can be easily implemented in the daily clinical practice. During this study, attention 

will be paid to the ease in preparing the test material, the appreciation by the patients, the blinding of 

the allergenic ingredients, and the microbial stability. Furthermore, it must be considered that no other 

major allergens, which are listed in the Regulation (EU) No 1169/2011, are present in the matrices as 

ingredient. 
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As a case study, a food matrix to blind hazelnuts will be developed in Chapter 5. The focus of this study 

will be the blinding of hazelnuts, in which the hazelnuts retain as much as possible their allergenicity 

and can be mixed homogeneously at low-doses to the matrices. Hazelnut allergy is a form of an IgE-

mediated allergy, which is characterized by a direct immune response after consumption of the 

responsible food allergens. When performing DBPCFCs for IgE-mediated food allergies, these have to 

be performed in a clinical setting since food allergic reactions occur immediately after food 

consumption. Therefore, the challenges have to be carried out in the ambulatory surgery unit and 

supervised by a pediatrician experienced in provocation tests and a specialist in Anesthesia and 

Resuscitation. During the challenge of the hazelnut allergens, a dilution series has to be administered 

to the patients, from low to higher hazelnut doses to assess the minimum eliciting doses (MEDs). Low-

level dose matrices are needed to determine these MEDs of the patients and to include safely severe 

allergic patients to these challenges. However, limited studies have yet been conducted to develop 

low dose vehicles in which the homogeneity was determined. In this study, the homogeneity will be 

determined by using the developed UHPLC-MS/MS method in Chapter 3a. 

In Chapter 6, the matrices developed in Chapter 5 will be adapted in order to mask the allergens milk 

and egg for oral provocation challenges at home. DBPCFC matrices for milk and egg for at home use 

were highly requested by the pediatricians. Egg and milk allergy are among the most common food 

allergies occurring in infants and young children. Reactions can occur IgE-, non-IgE mediated, or mixed. 

However, for the typical non-IgE mediated late-onset reactions, only an elimination diet with an at 

home reintroduction (e.g. by an oral food challenge) can confirm its possible presence. Although 

several recipes have been developed in earlier studies for milk and egg allergens, DBPCFC matrices are 

needed which are easy to prepare at home and available for consumption during longer periods (+/- 

two weeks or more) to monitor late-onset reactions.
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Chapter 3a 

Development of an UHPLC-MS/MS method for the 

detection of nut allergens in wheat flour   

Marjolein Vandekerckhove, Bart Van Droogenbroeck, Isabel Taverniers, Marc De Loose, Els 

Daeseleire, Hilde Lapeere, Philippe Gevaert, Christof Van Poucke 

MV led the project in total. BVD, IT, MDL, ED, HL, PG and CVP made substantial contributions to the conception, design, 

guidance, and follow up of the research. CVP made substantial attributions for the acquisition, analysis, and interpretation 

of the data. (In preparation, 2017) 

Abstract  

The use of mass spectrometry (MS) in the field of food allergen detection considerably expanded in 

recent years. MS offers the possibility to multiplex and overcome detection problems associated with 

matrix and food processing effects. Still, the analytical reliability might be reduced by these effects 

which must be investigated thoroughly. This study focused on the detection of trace levels of roasted 

nuts in incurred wheat flour matrices using an optimized ultra-high performance (UHPLC)-MS/MS 

method. Since reference matrices are lacking, incurred wheat flour series containing low amounts of 

nuts were developed in a standardized way. The proteotypic peptides giving the most intense signal 

per nut were selected based on a non-targeted high-resolution MS method. These peptides were 

further applied for a multiple reaction monitoring (MRM) UHPLC-MS/MS method. The method had for 

almond, cashew, hazelnut, Brazil nut, pistachio, walnut, and peanut, LOD values between 0.5 and 

6.7 mg proteins/kg, robust reproducibilities (RsDR < 30 %), and regression coefficients (r2 < 0.98). Since 

poor sensitivities were obtained for walnut and pecan, the sample processing protocol was modified 

which resulted in improved sensitivities for these nuts but also for peanut and Brazil nut. 
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3a.1. Introduction 

Tree nuts and peanuts are considered as the major causes of food allergy with respective estimated 

prevalences of 0.05 - 4.9 % and 0.2 - 0.3 % in Europe, generally persisting the entire patients’ lives 

(Nwaru et al., 2014). Since the food allergic patients must completely eliminate the responsible 

allergens out of the diet to prevent food allergic reactions, this has led to mandatory allergen labeling 

regulations across the globe. In the EU, Regulation (EU) No 1169/201117 stipulates the mandatory 

indication of “priority” allergens (including tree nuts and peanut) on all food product labels. Yet, no 

legislation has been developed towards possible and unintentional  “hidden” allergens. These “hidden 

allergens”, which might occur unintentionally in food products due to different causes such as cross-

contamination, can pose a significant health risk for sensitive allergic patients. Due to the uncertainty 

on their presence and the fact that no thresholds are established yet, voluntary precautionary allergen 

labeling (PAL) (e.g. “may contain” declarations) is frequently applied by the food manufacturers (Allen 

et al., 2014). Thresholds are defined as the minimum eliciting doses of the allergens below which 95 

or 99 % of the allergic population will no longer experience an allergic reaction (ED05 or ED01) (Taylor 

et al., 2014). To support the food producers with an allergen risk assessment and labeling framework, 

the Voluntary Incidental Trace Allergen Labeling initiative (VITAL) was developed. Although VITAL has 

no regulatory value, it helps to standardize the labeling of food products, considering the ED01/05’s of 

the allergens and the average consumption portions of the particular food products (Taylor et al., 

2014). 

To assist the food industry and the enforcement of the allergen labeling regulation, appropriate 

allergen detection systems are needed. Different methods exist, all with their own advantages and 

limitations, but all without universal imposed standardized protocols (Diaz-Amigo and Pöpping, 2010). 

Currently, the enzyme-linked immunosorbent assay (ELISA) and real-time polymerase chain reaction 

(qPCR) are most frequently applied in routine analysis for allergen detection and have the possibilities 

to achieve high sensitivities and specificities. The ease of use, cost-effectiveness, and the target 

(proteins) make ELISA the preferred method by the food industry (Schubert-Ullrich et al., 2009). Real-

time PCR requires more expensive equipment and trained personnel. Due to the difficulty to multiplex 

ELISA, this method is less cost-effective when several allergens have to be tested simultaneously. 

Furthermore, qPCR offers a valuable alternative because of the possibility to set up multiplex reactions 

and the opportunities to avoid cross-reactivity. Moreover, DNA tends to be more heat-stable than 

heat-labile proteins (Kirsch et al., 2009). Nevertheless, the detection of DNA of the allergenic 

ingredient represents only an indirect indication of the potential presence of the allergenic proteins. 

                                                           
17 European Commission: Food information to consumers – legislation, 2017 
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Also, both methods might experience false-positive results because of cross-reactivity and false 

negative results due to food processing and matrix effects (e.g. by hampered or altered target 

extractability and/or detectability) (Koeberl, Clarke & Lopata, 2014). 

The use of mass spectrometry (MS) in the field of allergen detection has increased tremendously in 

the past decades (Kirsch et al., 2009; Koeberl, Clarke & Lopata, 2014; Monaci & Visconti, 2009). MS 

offers the possibility to multiplex and to overcome detection problems associated with matrix and food 

processing effects (Parker et al., 2015). Hence, several MS strategies resulted in multiplex allergen 

detection methods with high sensitivities and specificities in different food products (e.g. ice cream, 

bread, cookies, etc.) (Bignardi et al., 2013; Heick, Fischer & Pöpping, 2011; Heick et al., 2011; Korte & 

Brockmeyer, 2016; Korte, Lepski & Brockmeyer, 2016; Pilolli, De Angelis & Monaci, 2017; Planque et 

al., 2016; Sealey-Voyksner, Zweigenbaum & Voyksner, 2016). 

This study describes the development of a novel ultra-high-performance liquid chromatography 

(UHPLC) – tandem mass spectrometric (MS/MS) strategy to detect traces of seven roasted tree nuts 

(almond, cashew, hazelnut, pecan, pistachio, macadamia, and walnut), raw Brazil nut and roasted 

peanut in incurred wheat flour matrices. In this work, adding known amounts of the allergenic 

ingredients or their extracted proteins to a specific matrix will be referred to as incurring and spiking, 

respectively. Marker peptides were identified and selected based on data-independent UHPLC high-

resolution MS (HRMS) analysis of roasted nuts in MSE modus, so peptide and fragment ions can be 

detected simultaneously. 

Although a few multi-nut detection studies have been published recently (Bignardi et al. 2013; Korte 

& Brockmeyer 2016; Korte, Lepski & Brockmeyer, 2016; Sealey-Voyksner, Zweigenbaum & Voyksner, 

2016), strict regulations are still lacking to validate these methods with despite existing guidelines (e.g. 

EN standards, see section 2.6.3 Validation of allergen detection methods). Consequently, different 

spiking/incurring procedures have been used to assess the performance characteristics of the 

methods. In some studies (Korte, Lepski & Brockmeyer, 2016; Sealey-Voyksner, Zweigenbaum & 

Voyksner, 2016), protein extracts or peptide standards were added to particular matrices. However, 

this can lead to too optimistic results regarding the recovery and sensitivity of the method because 

extraction and digestion of the target proteins in complex food matrices are influenced differently by 

the food composition and degree of processing. The various physical and chemical conditions can 

cause several modifications in structure, stability, and solubility of the targets. This can hamper the 

extraction, digestion, and detectability of these proteins. Methods using protein extracts/digests to 

spike food materials do not take this into account and should be further investigated using incurred 

food matrices (Diaz-Amigo & Pöpping, 2010). For instance, Korte, Lepski & Brockmeyer (2016) 
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conducted a multiplex assay using a non-targeted LC-HRMS multi-method for six raw nuts. To validate 

the method, ice cream was spiked with raw nut protein extracts prior to sample extraction. In 2016, in 

a similar study (Sealey-Voyksner, Zweigenbaum & Voyksner, 2016), a multiplex LC-MS/MS assay for 

eleven tree nuts and peanut was developed. Food samples were spiked with 0.1 and 1 mg/kg of the 

target peptides prior to extraction. Since target peptides were used for the validation, both the matrix 

impact on the extraction and digestion of the proteins into shorter peptides were not considered. 

Besides the spiking procedure, the used reporting units must also be taken into account in this latter 

study. A conversion factor is still needed to convert the marker peptide concentration into the total 

protein concentration of the detected ingredient. Regulatory authorities define the food allergens as 

the total food proteins of a food commodity or as the whole allergenic ingredient, and not as the 

specific allergenic proteins/peptides or DNA. Most recently, a multiplex for five tree nuts and peanut 

with an MRM3-based UHPLC-MS multi-method has been developed (Korte & Brockmeyer, 2016). In 

this case, food matrices were spiked at trace levels with extracts of 10 % (w/w) raw nuts in the same 

matrix. As mentioned in this latter study, further emphasis should be paid towards the performance 

characteristics of the detection method with incurred food samples, using the allergens which have 

undergone a specific food processing step. So far, only a few studies validated multi-target detection 

systems with incurred food matrices (Heick, Fischer & Pöpping, 2011; Heick et al., 2011; Pilolli, De 

Angelis & Monaci, 2017; Planque et al., 2016;), but not for multi-nut detection. 

Our work emphasizes the development and preliminary validation of the UHPLC-MS/MS method for 

the detection of traces of processed nuts in wheat flour matrices. Extraction, digestion, and cleaning 

protocols were optimized to achieve sufficient sensitivity. Attention was paid towards the extraction 

protocols because these have a significant influence on the sensitivity of the peptides. As reference 

materials, nine roasted nuts (except for Brazil nuts which were added raw) were incurred 

simultaneously in the wheat flour matrix to generate a dilution series at trace levels (from 16000 to 

1.56 mg of each nut/kg flour). Since roasted nuts are mostly used by the food industry and their use in 

an unprocessed form is more limited, incurring matrices with roasted nuts closely mimics the real-life 

situation (Diaz-Amigo & Pöpping, 2010). Due to the high-fat content of nuts (average 65% w/w), it is 

difficult to ensure the homogeneity of the flour samples. Currently, many studies spike matrices with 

protein extracts because homogeneity of the samples at low concentrations cannot be easily 

guaranteed (Korte & Brockmeyer, 2016). Another option is to work with defatted nut powders (Heick, 

Fischer & Pöpping, 2011). Since nuts are also used by the food industry without prior defatting, we 

have developed a novel standardized protocol to produce incurred flour matrices using non-defatted 

roasted nuts which ensures the homogeneity, even at low concentrations.  
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3a.2. Materials and methods 

3a.2.1. Sample materials 

Nine nuts were purchased from a local store (Notenkraam, The Netherlands): peanuts (Arachis 

hypogaea), hazelnuts (Corylus avellana), almonds (Prunus dulcis), cashew nuts (Anacardium 

occidentale), pistachio nuts (Pistacia vera), macadamia nuts (Macadamia integrifolia), pecan nuts 

(Carya illinoinensis), Brazil nuts (Bertholletia excels), and walnuts (Juglans regia). These nuts were 

purchased roasted, except for Brazil nut, which was unavailable roasted. To test the specificity of the 

test, also coconut powder (Boni Bioselection, Belgium) and roasted pine nuts (Notenkraam) were 

analyzed. In addition, the following products were purchased to test the stability of the marker 

peptides (all from Notenkraam): roasted nut mélange (mix of roasted hazelnuts, cashew nuts, 

macadamia nuts, pecan nuts, white and brown almonds), mixed nut paste (paste of cashew nuts, 

hazelnuts and almonds roasted in hot air), salad mix deluxe (mix of roasted nuts and pits, including 

pine nuts, pumpkin pits, sunflower pits, walnuts, hazelnuts, cashew nuts and almonds), tiramisu 

almonds (including roasted almond with sugar, milk chocolate and tiramisu), peanut butter, and 

peanut chocolates. Additional hazelnut samples from Barry Callebaut (Lebbeke-Wieze, Belgium) were 

kindly provided. These samples included the following hazelnut preparations: NOG (whole nuts, 

deshelled and roasted), BRES (caramelized NOG pieces of hazelnut), PRA (50/50 mix of roasted nut 

paste and sugar), GIA (mixing of PRA samples with milk chocolate). 

3a.2.2.  Reagents and chemicals 

Sucrose and trypsin from bovine pancreas were from Sigma-Aldrich (St. Louis, MO, USA). Potassium 

chloride (KCl), tris(hydroxymethyl)aminomethane hydrochloride (Tris.HCL, pH 7.8), 

ethylenediaminetetraacetic acid (EDTA), and dithiothreitol (DTT) were from Merck (Darmstadt, 

Germany). Urea was from Amersham Biosciences (Uppsala, Sweden) and iodoacetamide from G 

Biosciences (St. Louis, MO, USA). Acetonitrile (ACN), methanol (MeOH), chloroform (all UHPLC-MS 

grade), and formic acid (FA) were from Biosolve B.V. (Valkenswaard, the Netherlands), and 

trifluoroacetic acid (TFA) from Thermo Scientific (Waltham, MA, USA). The used water was MilliQ H2O 

(Billerica, MA, USA). 

3a.2.3. Preparation of the incurred food samples 

Wheat flour matrices were incurred with the nine nuts (incl. roasted peanut, hazelnut, almond, 

cashew, pistachio, macadamia, pecan, walnut, and raw Brazil nut) (Figure 3a- 1). To prime the 

equipment, 20 g of wheat flour was poured in the RETSCH ZM200 (Düsseldorf, Germany) and rotated 

at low rpm level (6000 rpm) using a 2.0 mm sieve, which was collected afterward (prewash fraction). 

The nine nuts (8 g per nut) were ground in a Bosch Moulinex (Stuttgart, Germany) together with 208 g 

wheat flour. Next, this fraction was completely sieved through the RETSCH with the 2.0 mm sieve at 
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low rpm level, followed by rotating the sieve at a high rpm level (8000 rpm) to make sure that all the 

material was recovered. This fraction was collected and added to the prewash fraction. A rinsing step 

was performed twice by milling 40 g of the flour at high rpm level and collecting this together with the 

previous fraction. The total amount was milled through a 0.5 mm sieve at the high rpm level to obtain 

a particulate flour matrix. Finally, rinsing was performed four times with 30 g of the flour and added 

to the latest fraction. Consequently, 8 g of each nut was mixed in a total matrix of 500 g to obtain a 

final incurred matrix containing 16000 mg/kg per nut. For further dilutions, the same strategy was 

applied, combining the 16000 mg/kg  start mixture and blank wheat flour to obtain following dilution 

series: 1600, 200, 100, 50, 25, 12.5, 6.25, 3.125, and 1.56 mg/kg (mg nut/kg) of each nut in the flour. 

 

Figure 3a- 1. Processing workflow to incur the nine nuts in the wheat flour 

3a.2.4. Protein extraction and digestion 

An extraction procedure according to Minkoff, Burch & Sussman (2014) with minor adaptions was 

performed. The reduction and alkylation were performed according to Costa et al. (2014) with minor 

modifications. For the detailed protocol, see Appendix 3a.1: Protein sampling protocol. The enzymatic 

digestion was initiated by adding 1:50 trypsin to a certain amount of the reduced protein samples, 

dependent on the matrix and protocol (see section 3a.3.1 Optimization of extraction and digestion 
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conditions). Protein concentrations were measured with the NanoDrop spectrophotometer 100 ND-

1000 (Thermo Fisher Scientific, Merelbeke, Belgium). The tryptic digestion was carried out overnight 

at 37 °C and stopped by adding a small amount of TFA in order to drop the pH to ≤ 3. The samples were 

first filtered and desalted subsequently using 0.22 µm Millipore filters (Billerica, MA, USA) and Sep-Pak 

Vac 1cc C18 solid-phase extraction (SPE) reversed phases columns from Waters (Milford, MA, USA), 

respectively. To clean the samples, the columns were activated and equilibrated with respectively 1 mL 

of 50 % ACN and 1 mL of buffer 1 (2 % ACN and 0.1 % TFA). Samples were loaded onto the columns, 

washed with 1 mL of buffer 1 and eluted with 2 mL of buffer 2 (70 % ACN and 0.1 % TFA). The solvent 

was dried under nitrogen at 40 °C. The samples were resuspended with 500 µL 100 mM Tris (pH 7.8) 

and filtered through 0.22 µm Millipore filters before measuring the protein content with the NanoDrop 

(protocol A). Due to the poor sensitivities for some nut peptides, the described cleaning protocol was 

slightly changed which achieved improved sensitivities for several peptides (see Table 3a- 2). 

Instead of filtering the samples with the 0.22 µm Millipore filters before SPE clean-up, the protein 

extracts were filtered prior to the tryptic digestion (protocol B). 

3a.2.5. UHPLC procedure 

For both, identification and detection purposes of marker peptides, an AcquityTM Ultra-Performance 

LC system from Waters (Milford, MA, USA) using an AcquityTM UPLC BEH300 C18 reversed phase column 

(Waters, 300 Å , 1.7 µm, 2.1 x 150 mm) with an AcquityTM UPLC BEH300 C18 VanGuard pre-column 

(Waters, 300 Å, 1.7 µm, 1 x 5 mm) attached upstream was applied to separate the peptides. For both 

purposes, mobile phase A (H2O and 0.1 % FA) and mobile phase B (ACN and 0.1 % FA) were used. The 

flow rate was set at 0.2 mL/min with a constant column temperature of 40 °C. From the initial 99 % A 

and 1 % B concentrations, a linear gradient was applied to go to 60 % A and 40 % B in 60 min. To rinse 

the column, 15 % A and 85 % B were kept for 5 min and followed by 15 min re-equilibration to the 

starting conditions. The injection volume was set to 5 µL and the temperature of the samples to 10 °C. 

3a.2.6. UHPLC-HRMS for peptide marker selection 

To identify the most abundant proteotypic marker peptides, extracts of differently processed nut 

samples (incl. extracts of each nut separately and different nut mixes, see Appendix Table A.3a- 1) and 

16000 mg/kg incurred wheat flour samples were subjected to LC-HRMS analysis. HRMS (Synapt G2-S, 

Waters) was performed in the data independent MSE acquisition mode after UHPLC peptide 

separation. Instrument configuration parameters were: positive electrospray ionization modus (ESI+), 

cone voltage 30 V, capillary voltage 0.8 kV, source temperature 120 °C, desolvation temperature 

400 °C. Acquisition parameters were: scan time 0.5 secs, start and end mass 50 and 2000 respectively, 

start and end time 2 and 65 min respectively, CID, continuous mode. For MSE function 1 following 

parameters were: trap collision energy 4 eV, transfer collision energy 1 eV. As for MSE function 2: trap 
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collision energy ramp start and end: 20 and 40 eV respectively, transfer collision energy 1 eV. Leucine 

Enkephalin (Waters) was used as a calibration reference compound (lock mass). MassLynx v4.1 

software (Waters) was applied to acquire the data. In order to identify nut peptides in the acquired full 

mass spectra, ProteinLynx Global Server version 3.0.1 (PLGS; Waters) was applied as a quantitative and 

qualitative proteomics platform using UniProtKB databases to search compatible nut peptides. The 

used PLGS processing and workflow parameters can be found in Appendix 3a.2: Workflow and 

processing parameters PLGS. To select the marker peptides for further investigation, the most 

abundant peptides were first checked for their specificity and stability. Specificity of the respective 

peptides was tested in silico by performing a search using the UniProtKB plant database 18 (E threshold 

= 1000). The most abundant proteotypic peptides with the most abundant intensities in the processed 

samples, and with a minimum of easily oxidizing amino acids such as methionine and cysteine were 

chosen for further experiments. However, to achieve a high sensitivity and specificity, a compromise 

must be made between the stability, protein abundance, and specificity. Peptides including missed 

cleavages, in source fragments, unspecific BLAST results, and peptides smaller than six amino acids (to 

guarantee specificity) were left out. 

3a.2.7. UHPLC-MS/MS for detection of selected marker peptides 

For the LC-MS/MS procedure a tandem quadrupole MS (Xevo TQ-S; Waters) was used in parallel with 

the UHPLC separation (see Section 3a.2.5 UHPLC procedure). Instrument configuration parameters 

were: ESI+, cone voltage 30 V, capillary voltage 3.20 kV, source temperature 130 °C, desolvation 

temperature 350 °C. 

First, the selected peptides were verified in product ion scan modality to determine the two best-

performing transitions per peptide, suitable for MRM-analysis. This was done according to CD 

2002/657, in which two precursor–fragment transitions are required in order to obtain the necessary 

three identification points (which we decided to follow to select the number of precursor-fragments 

since no guidelines were present). Fragment ions were selected for MRM based on the type of 

fragment (preferable y- and b-ions) and intensity. When y- and b-ions were only present at low 

intensities (at different CE-values), other, more abundant peptide fragments were chosen. The 

collision energy (CE) was set at 10 to 35 eV (peptide-dependent). Function parameters were: automatic 

cycle time (sec), scan duration 1 s, start and end time dependent on RT of HRMS results (window ± 

5 min), mass range 100 to 2000. 

                                                           
18 https://www.uniprot.org/blast/ 
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Second, the selected precursor-fragment transitions were further experimentally validated in MRM-

mode for sensitivity and specificity. Function parameters were: automatic cycle time (s), span 0.2 Da, 

RT window of ± 2 min together with the selected m/z-values of precursor-fragment transition. 

CE values for each fragment ion were experimentally determined. Peak areas of the detected peptides 

were integrated using the MassLynx v4.1 software. If possible, the two best-performing precursor 

peptides (each with their two best-performing fragment ions) per nut were selected for validation (see 

Table 3a- 1). 

3a.2.8. Analytical performance testing 

The analytical performance of the final method (protocol A) was tested using the incurred wheat flour 

samples with following dilution series: 200, 100, 50, 25, 12.5, 6.25, 3.125, 1.56, and 0 mg/kg of each 

nut in the wheat flour. Wheat flour was chosen because this is a relevant protein-rich matrix (± 11.4 % 

w/w proteins) from which different food products are made of that might contain nuts (e.g. cookies 

and bread). To determine the experimental limit of detection (LOD) - and limit of quantification (LOQ) 

- values for each peptide, three independent samples for each concentration were analyzed (1.56 to 

100 mg/kg). The 25 mg/kg concentration was analyzed four times (to test the recovery). The 

experimentally LOD and LOQ values were determined as the average of the spiking levels with both 

fragment ions having a signal to noise ratio (S/N)  ≥ 3 and the best-performing fragment ion having an 

(S/N) ≥ 10 respectively. 

To estimate the linearity, repeatability, reproducibility, and recovery, four standard curves were 

generated, starting from the LOQ of the best-performing ion fragment of each precursor peptide. To 

analyze the repeatability, six 25 mg/kg samples and five 50 mg/kg samples were analyzed. To evaluate 

the reproducibility and recovery of the 25 mg/kg samples, nine different replicates were sampled and 

measured at four different time periods. The recovery (Rec %) was calculated as the percentage of the 

fraction of the measured concentration by the expected concentration. 

Since the LOD and LOQ values were too high for some nut peptides additional adaptations were made 

in the cleaning protocol (protocol B), whereby lower values were obtained for a few peptides (see 

Table 3a- 2). Some preliminary tests were conducted to assess the performance characteristics of this 

protocol. To estimate the experimental LOD and LOQ values for each peptide for protocol B, two 

independent samples were measured. Only the 1.56 mg/kg concentration was sampled and analyzed 

four times to make sure that detection at this level was not a coincidence, and the 12.5 mg/kg 

concentration was analyzed seven times (to determine the recovery). To estimate the repeatability 

(RsDr), 12.5 mg/kg (six samples) were analyzed instead of 25 mg/kg samples, because protocol B 

achieved a higher average sensitivity for the specific peptides. To calculate the reproducibility (RsDR), 
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different replicates were sampled and measured at different time periods, namely three different 

times for 12.5 mg/kg (also three standard series were generated each time), accounting for a total of 

eight samples. 

3a.3. Results and discussion 

3a.3.1. Optimization of extraction and digestion conditions 

The described extraction and digestion protocol were chosen because preliminary experiments 

showed the best results (data not shown). The results were based on the intensity and signal to noise 

ratio (S/N) of the most abundant proteotypic marker peptides obtained with MRM and not on the yield 

of proteins. Two slightly different extraction protocols were used (Protocol A and B, see section 3a.2.4 

Protein extraction and digestion) because the sensitivity of the peptides is dependent on the applied 

protocol. A high yield did not necessarily guarantee a better sensitivity of the method due to e.g. 

background interference. This was shown by the improved sensitivities of the marker peptides 

sampled with protocol B (Pea2, B1, W1, and Pec1; see Table 3a- 2). Using this protocol, ± 10-fold less 

protein yield in comparison to protocol A was obtained. Nevertheless, some marker peptides had a 

lower LOD that can be explained by the reduction of background proteins. For the digestion protocol, 

different amounts of extracted proteins were tested. Higher amounts of proteins did not longer yield 

a significant improvement due to background interference in the flour. For this reason, the validation 

of protocol A was performed using 4 mL of protein extracts, which accounts for 41 (± 17) mg proteins. 

For protocol B, more protein extract was used, namely 7 mL of protein extract was digested which 

accounts for 19.3 (± 3.1) mg proteins (this is a volume which is still workable for further steps).  

It must be mentioned that the general handling time must be reduced in order to achieve a method 

feasible outside the academical context. The general handling time for the extraction takes about 1-

1.5 hours, not considering the first overnight incubation step. Further research could reduce the 

overall handling time, by for example incorporating a 30 min pulsed sonication step instead of the 

overnight incubation step (Pilolli, De Angelis & Monaci, 2017). The pretreatment of the extracted 

proteins (reduction, alkylation, and measuring) takes about 4 hours, which could be reduced by testing 

shorter incubation steps. 

3a.3.2. Selection of marker peptides 

For the selection of marker peptides, it is recommended to find stable proteotypic peptides, which can 

be found in all kinds of processed food samples. The listed peptides in Appendix 3a.2: Workflow and 

processing parameters PLGS were the most abundant proteotypic peptides found in the digests using 

HRMS in MSE modus, fulfilling the criteria listed in section 3a.2.6 UHPLC-HRMS for peptide marker 

selection (e.g. specificity and stability). Most peptides are specific for the seed storage proteins 
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(11S Globulins, 7S Vicilins, and 2S Albumins). These are all known as major plant food allergens 

(Breiteneder & Radauer, 2004). Only for macadamia nut, no peptides derived from known plant 

allergenic proteins could be detected which were sensitive enough. Working with HRMSE followed by 

a PLGS database search delivered numerous UniProt protein entries per nut. Unlike data-dependent 

MS/MS approaches, this method is not dependent on the selection of precursor ions and the selection 

of specific charge states before fragmentation, leading to full scan data sampling and generation of 

quantitative information (Geromanos et al., 2009). An overall drawback of using sequence databases 

to identify peptides (both for HRMS analysis as for in silico approaches), is the dependence of the 

available sequence entries in the respective database. For macadamia, no UniProt entries were 

available for the major allergens which can explain the lack of well-performing precursor-fragment 

transitions. The detection of macadamia in food by LC-MS has only been described in the work of 

Sealey-Voyksner, Zweigenbaum & Voyksner (2016). However, these peptides could not be detected in 

the wheat flour matrices using our protocol, so macadamia was left out for further analyses. 

Since following peptides performed the best in the wheat matrices, the peptides 

(R)TSVLGGMPEEVLANAFQISR(E) for cashew, (R)MAENLPSR(C) for Brazil nut, (K)ECGISSR(S) for pecan 

nut, (R)NLPQQCGLR(A) for peanut, (R)GLLVPSYNNAPELVYVVQGSGIHGAVFPGCPETFQEESQSQSR(S), 

(R)AMISPLAGSTSVLR(A) for pistachio, and (R)QCCQQLSQMDEQCQCEGLR(Q) for walnut were still 

included in the final test despite the presence of cysteines and methionines. These peptides can be 

used but, they must be considered with caution when used in more processed food samples and when 

used for quantification purposes (Korte, Lepski & Brockmeyer, 2016). For pistachio, peptide Pis2 is 

longer than recommended (< 30 aa’s), but this was the best-performing peptide (in terms of sensitivity 

and peak shape) of the all the found peptide entries. 

The discovered precursor peptides were further compared with peptides found in the literature (see 

Appendix Table A.3a- 1). Since different extraction and digestion procedures can significantly influence 

the peptide recovery, peptides that were already described in earlier studies, have the potential to be 

more robust. Attention should be paid towards the small shift (about 0.5 min) in retention time (RT) 

when using different food matrices, or different extraction and digestion protocols (as noticed in 

protocol A and B). Matrix interference is known to cause shifts in RT (e.g. peptide-peptide interactions, 

etc.) (Letzel, 2011). This was also seen in previous work (Planque et al., 2016) and the use of internal 

standards might, besides its quantitative purpose, deal with this shift in RT (Koeberl, Clarke & Lopata, 

2014). 
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Table 3a- 1. Multiple Reaction Monitoring (MRM) parameters for each nut. 

Allergen Nr.  Peptide RT (min) m/z precursor ion z m/z fragment ion Type  CE 

Almond A1 (R)ALPDEVLQNAFR(I) 36.6 (± 0.19) 687.3 2 342.3 PDE/EVL 25 

      594.7 y10+2 25 

 A2 (R)NQIIQVR(G) 19.2 (± 0.30) 436.0 2 515.2 y4 30 

      628.3 y5 30 

Cashew C1 (R)TSVLGGMPEEVLANAFQISR(E) 48.4 (± 0.23) 707.5 3 262.5 y2 15 

      270.0 b3-H2O 25 

 C2 (R)ADIYTPEVGR(L)  21.7 (± 0.20) 561.1 2 227.3 PE 25 

      658.0 y6 15 

Hazelnut H1 (R)INTVNSNTLPVLR(W) 29.2 (± 0.28) 721.3 2 329.1 b3 25 

      1013.7 y9 25 

 H2 (R)LNALEPTNR(I)  17.9 (± 0.23) 514.6 2 299.3 b3 15 

      487.2 y6 15 

Brazil nut B1 (R)MAENLPSR(C) 15.7 (± 0.27) 459.5 2 104.3 M 20 

   15.9 (± 0.19) *   203.0 b2 15 

 B2 (R)GIPVGVLANAYR(L) 32.0 (± 0.22) 615.7 2 169.3 y2+2 25 

      530.4 y10+2 20 

Pecan Pec1 (K)ECGISSR(S) 9.5 (± 030) 405.0 2 349.5 y3 15 

   9.5 (± 0.29) *   519.4 y5 15 

Peanut Pea1 (R)SPDIYNPQAGSLK(T) 22.6(± 0.23) 695.8 2 300.2 b3 25 

      385.2 a4 25 

 Pea2 (R)NLPQQCGLR(A) 16.8 (± 0.23) 543.6 2 429.6 y7+2 15 

   17.2 (± 0.16) *   858.4 y7 15 

Pistachio Pis1 

(R)GLLVPSYNNAPELVYVVQGSGIHGA-

VFPGCPETFQEESQSQSR(S) 45.2 (± 0.21) 1163.6 4 284.3 b3 30 

      477.1 y4 20 

 Pis2 (R)AMISPLAGSTSVLR(A) 33.2 (± 0.23) 702.4 2 203.3 b2 20 

      500.7 b5 20 

Macadamia M1 (R)QCMQLETSGQMR(R) 19.5 (± 0.35) 735.4 2 679.1 y5 25 

   20.2 (± 0.25) *   726.0 MH-NH3
+2 25 

Walnut W1 (R)QCCQQLSQMDEQCQCEGLR(Q) 21.5 (± 0.22) 820.6 3 344.9 y3 25 

   21.8 (± 0.18) *   634.1 y5 20 

 W2 (R)ISTVNSHTLPVLR(W) 26.3 (± 0.30) 479.9 3 619.1 y11+2 15 

      662.4 y12+2 15 

 

3a.3.3. Specificity of marker peptides  

The selected peptide A1 for almond (Prunus dulcis) also occurs in peach (Prunus persica), both 

belonging to the Rosaceae family. Due to this high homology, cross-reactivity has been shown in 

allergic patients between the heat-stable non-specific lipid transfer proteins (nsLTP) from almond and 

peach (respectively Pru du 3 and Pru p 3) (Costa et al., 2012). This must be considered with caution 

because peach can also be used in the confectionary industry. Due to the high homology between 
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peptides of the peach kernel and almond, it was not possible to select another peptide only specific 

for almond which performed well at low-level. Next, the isobaric amino acids Leu and Ile and nearly 

isobaric amino acids Lys and Glu were also considered (Korte, Lepski & Brockmeyer, 2016). For almond, 

the (nearly) isobaric sequence (R)NQLIQVR(G) should have some attention, being specific for Oryza 

sativa (Asian rice). Next to the in silico specificity determination, specificity should still be assessed 

experimentally with some common food samples. Peptides with different but nearly isobaric amino 

acid sequences might co-elute with the peptides of interest and the UniProtKB database is far from 

complete for all food ingredients. The samples included wheat, rice, chocolate (containing e.g. cacao 

powder, sugar, lecithin, modified starch), cookies (containing sugar, butter, and wheat) and all the nuts 

including coconut and pine nuts. Few minor nonspecific signals (e.g. A1 in cashew) were observed in 

some whole nut extracts at the same RT for both fragment ions, nevertheless, these minor peaks do 

not influence the detection at trace level because these were negligible small compared to the specific 

peaks. Furthermore, these nuts were processed in the same factory, so cross-contamination could not 

be ruled out. More investigation should be done when detecting the respective nut in a mix of the 

other nuts. Finally, it should be mentioned that walnut and pecan are closely related. The best-

performing peptides for walnut in previous works were also present in pecan (Bignardi et al., 2013; 

Korte & Brockmeyer 2016; Korte, Lepski & Brockmeyer, 2016). The used peptides for walnut in this 

work, however, showed no aspecificity with pecan. 

  



Chapter 3a 

99 
 

3a.3.4. Analytical performance  

To test the analytical performance of the method, the sensitivity, specificity, repeatability, and 

reproducibility were determined. Figure 3a- 2 shows the chromatographic peaks for some nuts at the 

lowest levels per peptide which could be detected. The other peptides are presented in Appendix 

Figure A.3a- 1. For Brazil nut, walnut, pecan, and peanut, the sensitivity of the method improved for 

one peptide when applying protocol B (see Table 3a- 2). 

Table 3a- 2. Validation parameters of each peptide for each nut in the incurred wheat flour 

 

* Peptides which achieved a higher sensitivity applying protocol B. / = Not determined because the LOQ ≥ 50 

ND = Not detected/ D = Detected in all the replicates, but not quantified, because the LOQ ≥ 12.5, 25 or 50 mg/kg / D+ = Not detected in all 

the replicates (LOD ≥ 12.5, 25 or 50 mg/kg), so the number of pos. replicates is given/ a = Best-performing transition which was used for 

quantification and LOQ determination/ b = Second-best fragment ion which was used for verification and LOD determination/ LOD/LOQ  = In 

mg total nuts /kg in flour (in mg total nut proteins /kg in flour), experimental LOD/LOQ (mg/kg -levels with S/N-values of ≥ 3 and 10 

respectively for LOD and LOQ). For conversion factors, see https://ndb.nal.usda.gov/ndb/search/list?qlookup=12637./ RSDr = % relative 

repeatability, RSDR = % relative reproducibility, Rec. % = % relative recovery/ A = Almond/ C = Cashew/ H = Hazelnut/ B = Brazil nut/ Pec = 

Pecan/ Pea = Peanut/ Pis = Pistachio / W = Walnut 

  

https://ndb.nal.usda.gov/ndb/search/list?qlookup=12637./
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It is important to assess the LOD with the second most sensitive fragment ion to detect at least two 

fragment ions at low concentrations (Planque et al. 2016; Korte & Brockmeyer 2016), which in turn 

ensures the identity of the detected peptide. For all nuts, except macadamia, sufficiently low LOD 

values for at least one peptide were obtained compared to the VITAL 2.0 thresholds for a portion size 

of 50 g.  

This paper describes the most sensitive UHPLC-MS/MS method for pecan and Brazil nut reported 

during the conduct of this study. For cashew, walnut, hazelnut, almond, peanut, and pistachio, lower 

LOD and LOQ values (using UHPLC-MS/MS) were only obtained in the studies of Bignardi et al. (2013) 

and Korte & Brockmeyer (2016). However, different strategies were used compared to this study to 

determine these values. In the first study, only the best-performing ions of each marker peptide were 

assessed to determine the theoretical LOD values instead of using the second-best performing ion, as 

done in the study of Korte & Brockmeyer (2016). However, the detection of minimum two fragment 

ions is required to guarantee the identity of the peptide. In this latter study, lower LOD values were 

achieved making use of the MRM3-modality. However, protein extracts of incurred non-processed nuts 

(10 % w/w) were used to spike the lowest levels and as emphasized in this study, further investigation 

should be done using more processed food samples. Attention should be paid towards the fact that 

incurred matrices at low-level were validated during our research instead of spiking them with protein 

extracts. More research to enhance the overall sensitivity could be done, for example by applying these 

peptides in MRM3-modality as described in Korte & Brockmeyer (2016).



 

 
 

 

Figure 3a- 2. Chromatograms of the two MRM-transitions for each peptide in wheat flour. X-axis represents time in min, y-axis relative intensity (normalized using the 

largest peak of the chromatogram). S/N = Signal to noise ratio/ I = Area under the curve / 1 & 2 = respectively the best and second-best performing fragment peptide.

Figure 2 (Vandekerckhove Marjolein) 
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6.25 mg/kg 0 mg/kg 1.56 mg/kg 0 mg/kg 12.5 mg/kg 0 mg/kg 
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To assess the method’s performance, the AOAC document “Standard Method Performance 

Requirements (SMPRs) for Detection and Quantitation of Selected Food Allergens” was used as 

guideline (Paez et al., 2016). This document describes the minimum required repeatability, 

reproducibility, and % relative recovery values for the allergens peanut, hazelnut, milk, and egg 

allergens. As no criteria were available for all the other nuts studied, the same criteria as those for 

peanut and hazelnut were considered during our work. Most peptides fulfilled the criteria mentioned 

for repeatability, reproducibility, and recovery of respectively, ≤ 20 %, ≤ 30 %, and between 60-120 %. 

Of the 25 mg/kg-levels sampled with protocol A, 9 of the 11 peptides (82 %) fulfilled the criteria for 

repeatability and reproducibility, while all of them (100%) complied the criteria for recovery. Of the 

50 mg/kg-levels sampled with protocol A, 11 of the 13 peptides (85 %) fulfilled the criteria for 

repeatability and recovery. All of them had a % relative recovery between 60-120 %. The high 

regression coefficients for most of the peptides (r2 between 0.953 and 0.999) proved next to a good 

performance of the peptides, the homogenous distribution of the nuts in the incurred matrices.  

Despite the need for further investigation towards reliable quantification, this research presents a 

method to detect roasted almond, hazelnut, Brazil nut, cashew, peanut, pecan, pistachio, and walnut 

in incurred wheat flour matrices making use of UHPLC-MS/MS with LOD levels comparable to the 

VITAL 2.0 action levels for a portion size of 50 g. Attention was paid towards the validation of incurred 

food matrices with roasted nuts at trace level. A novel protocol was developed to incur wheat flour 

matrices homogeneously with non-defatted nuts at low concentration to develop test materials. 

Subsequently, this research focused on the detection of processed nuts and the validation in real 

incurred matrices. More research should be done to validate this method in other matrices such as in 

cookies, bread, pastries, etc., and real food samples. To eliminate the need for matrix-matched 

calibration curves, the use of internal standards for the specific peptides must be further investigated. 
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Abstract 

In Chapter 3a, a UHPLC-MS/MS method has been developed to detect traces of tree nuts and peanut 

in wheat flour. However, this methodology suffers also from potential recovery issues due to food 

processing and matrix interferences. Since in the previous chapter only wheat flour matrices were 

tested, the focus of this chapter was laid on the detection of traces of nuts present in a more processed 

food sample, namely baked cookies. The results showed the applicability of this UHPLC-MS/MS 

method for nuts in this particular food matrix.  



Chapter 3b 

106 
 

3b.1. Introduction 

In the previous chapter (Chapter 3a), a novel UHPLC-MS/MS method has been developed to detect 

traces of tree nuts and peanut in wheat flour. As mentioned there, this methodology suffers also from 

potential recovery issues due to food processing and matrix interferences. Since these factors 

significantly influence the extractability, digestibility, and detectability of the targets, this must be 

taken into account and thoroughly investigated. In the study of Planque et al. (2016), for example, the 

detection of traces peanut, milk, soybean, and egg using UHPLC-MS/MS was investigated in different 

food matrices such as chocolate, ice cream, tomato sauce, and processed cookies. Matrix components 

are namely prone to form covalent, ionic, and hydrogen bonds or hydrophobic interactions with target 

proteins. As shown by this latter study, the matrix effects and the effect of the thermal processing 

were not the same for the different targeted peptides from the same food allergen. Furthermore, some 

peptides showed in chocolate matrices much lower coefficients of regression in comparison to the 

other investigated matrices. This is not surprising since chocolate is e.g. a mixture of tannins and 

polyphenols which can bind to the proteins and form insoluble complexes (Garber & Perry, 2010; 

Khuda et al., 2015). In addition, food processing can physically and chemically modify allergenic 

proteins themselves, or induce interactions between allergens and matrix components, rendering it 

more difficult to extract, digest, or detect the respective targets (Khuda et al., 2015). In the work of 

Pilolli, De Angelis & Monaci (2017), the analytical UHPLC-MS/MS workflow was assessed for its 

sensitivity by making use of home-made incurred cookies, which represents real-life food products in 

which the allergens can occur accidentally. It has been shown that the incorporation of allergens into 

the matrices before heat treatment (in this case the baking of the cookies) results in a significant 

reduction of the MS signal. This can be due to the fact that a higher number of reactions between 

allergenic proteins and matrix components can take place along with the chemical/structural 

modification of the allergens (Pilolli, De Angelis & Monaci, 2017). 

As has been addressed in the previous chapter, further research should be done to validate the novel 

developed UHPLC-MS/MS method in other matrices such as in cookies, bread, pastries, etc. In this 

chapter, we wanted to gain more insights regarding the impact of further processing steps (e.g. 

heating) and the matrices (cookies and rice) on the recovery of the targets using the developed UHPLC-

MS/MS method. Therefore, incurred cookies were prepared, based on the work of Pilolli, De Angelis & 

Monaci (2017), out of the wheat flour matrices containing the nine nuts (roasted almond, cashew, 

hazelnut, pistachio, walnut, macadamia, pecan, peanut, and raw Brazil nut, see Chapter 3a section 

3a.2.3 Preparation of the incurred food samples). The nuts underwent thus an extra roasting step and 

a first roasting step for the Brazil nuts. Additionally, roasted and unroasted peanut were analyzed in 
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incurred wheat and rice flour matrices to gain some insights regarding the impact of different matrices 

and processing states. 

3b.2. Materials and methods 

3b.2.1. Sample materials 

To prepare the incurred cookies, butter, sugar, and whole rice were purchased from local stores. The 

incurred wheat flour dilutions containing the nine incurred nuts (almond, cashew, hazelnut, Brazil nut, 

pistachio, walnut, macadamia, pecan, and peanut), which were developed earlier (see Chapter 3a 

section 3a.2.3 Preparation of the incurred food samples), were used to obtain a dilution series of 

incurred cookies containing the nine nuts. In short, 30 % (120 g) butter, 30 % (120 g) sugar, and 40 % 

(160 g) of the incurred or blank flour were kneaded to a thin layer of ± 0.5 cm (± 10 cm by 10 cm) and 

baked for 22 min at 180 °C. Following dilution series were obtained of the cookies using the 1600, 200, 

100 and 50 ppm incurred wheat flour series and the blank wheat flour before the baking process: 640, 

80, 40, 20, and 0 ppm (= mg nut/kg) per nut ingredient. For the 50 ppm cookies, the 80 ppm cookies 

were diluted using the blank cookies. The cookies were stored in vacuum plastic bags at 4 °C. Prior to 

analysis, the cookies were milled to obtain a crude powder using the Bosch Moulinex (Stuttgart, 

Germany). 

For the peanut matrices, the same milling and mixing protocols were applied as described earlier in 

Chapter 3a section 3a.2.3 Preparation of the incurred food samples. The raw and roasted peanuts 

(Notenkraam, The Netherlands) were hereby incurred in whole rice (whereby a rice flour was obtained) 

and wheat flour. 

3b.2.2. Reagents and sampling protocol 

For all the details concerning the reagents and protocols (protocol A and B), we refer to Chapter 3a 

section 3a.2.4 Protein extraction and digestion. In short, minor differences between the sampling 

protocols delivered for some nut peptides improved sensitivities. In protocol B namely, the protein 

extract was filtered (using 0.22 µm Millipore filters) prior to the tryptic digestion was set in, instead of 

after the digestion (protocol A). 

For the wheat matrices, 4 mL of protein extracts were taken, which accounts for 41 (±17) mg proteins. 

For the rice and cookie matrices, 6 and 7 mL protein extract were taken respectively, accounting for 

40 (±4) and 25 (±14) mg proteins respectively. 

3b.2.3. Analytical performance testing 

The 50 ppm cookies were sampled five times with protocol A. Some additional samples were analyzed, 

namely the 20 ppm cookies sampled with protocol A and 50 ppm cookies with protocol B. Next, as 
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proof of concept, peanuts were incurred unroasted and roasted in rice samples and unroasted in wheat 

flour samples to determine the recovery differences due to roasting (four replicates sampled and 

measured at one-time interval). For the recovery estimations, the incurred wheat flour series was used 

as calibration curve. To deal with the different protein extraction volumes, the results were corrected 

to the extraction volumes of the flour: the chromatographic areas were divided by the used extraction 

volume and multiplied with the extraction volume of the flour. 

3b.3. Results and discussion 

To test the analytical performance of the method in different matrices, the recoveries (Rec. %) and 

repeatabilities (RsDr) were tested at different concentrations. The results of the recoveries of the 

UHPLC-MS/MS method are summarized in Table 3b- 1 for the nuts in cookies and raw/roasted peanuts 

in rice and wheat flour. For the details of the precursor – fragment peptide transitions, we refer to 

Chapter 3a Table 3a- 1. 

For all the nuts except for pecan nut, all the peptides could be found in the 20 ppm incurred cookies, 

even when the LOD determined in the flour samples was higher (e.g. for LOD WN1= 75 ppm, see 

Chapter 3a Table 3a- 2). Pecan could be detected in the 50 ppm incurred cookies, both sampled with 

protocol A and B. Although the % relative recoveries were mostly lower than those observed at the 

same ppm levels in the wheat matrices, the higher S/N-values for the peptides were achieved due to 

less background interference (see Table 3b- 1 and in the Appendix Figure A.3b- 1). Next, the peanut 

peptides found in rice obtained higher recoveries compared to the recoveries obtained in the wheat 

flour (see Chapter 3a Table 3a- 2). These results highlight the need for appropriate calibration 

techniques compensating for matrix effects if these effects cannot be eliminated (Heick et al. 2011; 

Planque et al. 2016; Pilolli et al. 2017; Zrostlıḱová et al., 2002). Calibration using external matrix-

matched standards (standards with the same or similar matrix composition as the analyzed sample) is 

often used. However, a general prerequisite is the availability of appropriate blank samples (i.e. 

material free of residues of the target analyte) which is not always available. Furthermore, these series 

must be produced for every different food sample. This is thus very laborious when different food 

samples have to be analyzed. Another technique is the use of an internal standard (IS). To compensate 

for matrix effects, the internal standard must have a retention time identical or very close to the 

retention time of the analyte. Isotopically labeled internal standards are well suited for this purpose 

but their use is rather expensive, especially in a multicomponent analysis, where a separate internal 

standard for each analyte is required (Zrostlıḱová et al., 2002). A final choice is the standard addition 

method (SAM), where the actual samples are used to create a calibration plot individually. However, 

the amount of sample needed is much higher than in other methods since the sample is also needed 
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for calibration standards. Another drawback is that it is more tedious to prepare the calibration plot 

for each sample separately (Gergov et al., 2015). 

Finally, the peanut peptides showed higher recoveries when the wheat flour or rice was incurred with 

unroasted peanuts, showing the impact of food processing on the detectability of the peptides (see 

Table 3b- 1). The results presented in this study proved that the method is still useful when applied in 

more processed and different food matrices. However, a complete validation study is necessary for 

the detection of these nuts in different matrices and processing states, with an appropriate matrix-

matched standard curve. 

Table 3b- 1. Validation parameters of each MRM transition for each nut peptide determined in incurred cookies, 

rice, and wheat flour (using the flour dilution series) 

Allergen 50 mg nut/kg cookies 20 mg nut/kg cookies Allergen 50 mg nut/kg cookies 20 mg nut/kg cookies 

 Rec. % Rec. %  Rec. % Rec. % 

A1 107.34 101.56 Pea1 67.84 38.4 

A2 113.25 D Pea2 67.97 61.68 

C1 44.54 D Pea2* 47.27 x 

C2 85.14 D Pis1 46.65 D 

H1 106.16 93.25 Pis2 75.93 D 

H2 155.96 D W1 D D 

B1 55.86 72.97 W1* 39.27 x 

B1* 77.15 x W2 110.34 D 

B2 86.86 94.77    

Pec1 D ND    

Pec1* D x    

Allergen 50 mg raw peanut/kg rice  50 mg roasted peanut/kg rice 

 RsDr Rec. %  RsDr Rec. % 

Pea1 3.06 226.33 Pea1 4.27 162.82 

Pea2 10.41 434.73 Pea2 6.17 341.42 

Allergen 50 mg raw peanut/kg wheat flour    

 RsDr Rec. %    
Pea1 1.53 206.56    

Pea2 14.49 264.97    

 

* Results of the peptides that achieved a better sensitivity when applying Protocol B./ D = When peptides were detected but could not be 

quantified because LOQ > 20 ppm or 50 ppm (For the LOD & LOQ values for each peptide, we refer to Chapter 3a Table 3a- 2/ ND = Not 

detected/ X = not sampled for peptides obtained with protocol B/ RSDr = % relative repeatability, Rec. % = Relative % recovery / A = Almond/ 

C = Cashew/ H = Hazelnut/ B = Brazil nut/ Pec = Pecan/ Pea = Peanut/ Pis = Pistachio / W = Walnut 
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Figure 3b- 1. Chromatograms of the two MRM-transitions for each peptide in the cookies. X-axis represents 

time in min, y-axis relative intensity (normalized using the largest peak of the chromatogram); S/N = Signal to 

noise ratio.; I = Area under the curve 
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Abstract 

The recent detection of nuts (including peanut) in spices across the globe has led to enormous recalls 

of several spices and food products in the last two years. The lack of validated detection methods 

specific for spices makes it difficult to assess the allergen presence at trace levels. Due to the urgent 

need for confirmation of the possible peanut presence in chili peppers, an ultra-high performance 

liquid-chromatographic tandem mass spectrometric (UHPLC-MS/MS) method was optimized and 

developed for this particular food matrix. Although several studies optimized LC-MS detection 

strategies specific for peanuts, the presence of complex components in the spices (e.g. phenolic 

components) makes method optimization, and validation necessarily. The main focus was laid on the 

validation of the method with real incurred chili peppers (in which a known amount of peanut is added) 

at low concentrations, to deal with possible matrix interferences. UHPLC-MS/MS proves to be a good 

alternative for the currently most applied methods (ELISA and qPCR) and can be used as a 

complementary method of analysis when results are unclear. Peanut marker peptides were selected 

based on their abundance in digested incurred chili peppers. The limit of detection was determined to 

be 24 ppm (mg peanut/kg), a level below which the risk for potential allergic reactions is zero, 

considering the typical portion size of spices.  
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4a.1. Introduction 

In Europe, the prevalence of peanut allergy is estimated to be 0.2– 0.3 % (Nwaru et al., 2014). Patients 

with food allergies must eliminate such allergens out of their diet because no treatment is available. 

In order to protect the allergic consumers, EU Regulation (EU) No 1169/2011 stipulates that the 

fourteen major food allergens (including peanut) must be labeled when used as an ingredient or as a 

food product. However, “hidden” allergens might unintentionally occur in food products due to factors 

such as contamination of the food ingredients. Such trace occurrences can provoke significant 

reactions in sensitive patients (Walker et al., 2016). To aid the enforcement of the labeling regulation 

and to support the food industry when monitoring the presence of “hidden” allergens, reliable allergen 

detection methods are needed. Currently, the most frequently applied techniques are enzyme-linked 

immunosorbent assay (ELISA) and real-time polymerase chain reaction (qPCR) (Walker et al., 2016). 

Underestimations or false negative results might occur because of complex food matrices and 

processing effects, which can either affect ELISA antibody binding or inhibit PCR reaction. False 

positives can also occur as a result of aspecific antibody binding to homologous food proteins (ELISA) 

or aspecific primer binding to homologous DNA sequences (qPCR) (Walker et al., 2016). 

In 2014, undeclared peanuts and almonds were detected in cumin samples, causing a cascade of food 

allergen controls in similar spices (Garber et al., 2016;  Taylor, Baumert & Wijeratne, 2015). The many 

positive tested samples led to numerous recalls in the US, Canada, and EU19. The potential presence of 

these nuts might have two plausible explanations according to the Food Allergy Research and Resource 

Program (FARRP, USA) : (1) the economically motivated adulteration or (2) unintended 

contamination20. Although no conclusive evidence exists concerning economically motivated 

adulteration, the presence of high levels of nuts found in spices (up to 100.000 mg/kg), are hard to 

believe to be due to contamination. The assumption is that peanut and almond shells are added as a 

cheap bulk ingredient to mix into the spices. Although these shells do not contain the allergenic 

proteins, small amounts of the nutmeat can still be present after shelling. When small traces of nuts 

are detected in spices (5 and <40 ppm), the FARRP assumed that this is due to unintentional 

contamination. However, no regulated threshold levels are imposed by regulatory forces to determine 

deliberate adulteration and contamination of nuts in spices. For example, 1 % w/w was given in the 

case of horsemeat in beef products to distinguish trace contamination with deliberate adulteration21 

(Walker, Burns & Burns, 2013). Furthermore, regulated threshold levels should be established above 

which concentration a risk for food allergic consumers is present. 

                                                           
19 http://www.seasoningandspice.org.uk/publicgeneral/Q&A.pdf 
20 http://www.canadianspiceassociation.com/wp-content/uploads/Cumin-FAQs.pdf 
21 https://admin.food.gov.uk/sites/default/files/fsa151106.pdf 



Chapter 4a 

114 
 

In 2015, the Belgian Federal Agency for the Safety of the Food Chain (FASFC, Belgium) reported the 

undeclared presence of peanut traces in several chili pepper powders (genus Capsicum) after several 

ELISA tests, which were negative after qPCR analyses22. However, the FARRP reported that although 

false positive results might occur using ELISA, these are typically below 10 ppm. Further research 

should, therefore, be done using alternative methods to assess the potential presence of these 

allergens. The chili peppers are also known as a source of phenolic compounds, which can hamper the 

extractability and detectability of the proteins by reversible and irreversible protein interactions 

(Carpentier et al., 2005). This highlights the importance of additional analytical validation of the tested 

products. 

The focus of this study was the development of a UHPLC-MS/MS method to detect the presence of 

peanut in chili pepper powder (CPP). The UHPLC-MS/MS has the opportunity to overcome detection 

problems due to cross-reactivity and food processing/matrix effects (Walker et al., 2016). An optimized 

extraction and digestion protocol was developed in order to obtain sufficient sensitivity. Peanut 

marker peptides in CPP were identified using High-Resolution MS (HRMS). A CPP sample with an 

unknown hidden peanut content was used to optimize and validate the method by incurring it with 

known amounts of roasted peanuts (in this work, adding a known amount of the whole ingredient in 

the matrix will be referred to as incurring, instead of spiking the matrix, which refers to the addition of 

protein extractions of the allergenic ingredients to the matrices). This CPP sample was used because 

of the lack of reference materials, the related uncertainties of what real blank samples are (Garber et 

al., 2016), and the urgent need to confirm the possible peanut presence in this specific pepper sample. 

Also, in the case of the presence of peanuts, the preparation of this matrix-matched standard series 

allows the quantification of the “hidden” nuts with standard addition calculation because the 

likelihood of matrix interference on the detection of the nuts in CPP might be substantial. 

                                                           
22 https://www.foodnavigator.com/Article/2015/03/23/Nuts-in-herbs-and-spices-issue-forces-recall-in-Belgium 
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4a.2. Materials and methods 

4a.2.1. Preparation of reference material 

Roasted peanuts were purchased from a nearby store (Notenkraam, Dodewaard, The Netherlands). 

Dry chili pepper powder (= CPP, ground after steam sterilization) was kindly provided by a local 

company (ESS, Temse, Belgium) without any information on the potential presence of peanuts. The 

CPP was incurred with roasted peanuts by mixing the peanuts first with the CPP in a BOSCH Moulinex 

(Stuttgart, Germany) to obtain a final added concentration of 40000 ppm (= mg peanut/kg), 

comparable to the protocol described in Chapter 3a section 3a.2.3 Preparation of the incurred food 

samples). Afterward, the total amount was milled with the RETSCH ZM 200 (Düsseldorf, Germany) to 

obtain a finely milled powder. A serial dilution series was prepared by milling the CPP with an 

appropriate amount of the incurred mix, resulting in samples containing 40000 – 4000 – 4000 – 100 – 

75 – 50 – 20 – 10 – 5 – 1 and 0 ppm added roasted peanut. The same was done for roasted peanuts in 

whole rice (purchased from a local store) as reference materials. 

4a.2.2. ELISA and QPCR analysis 

For ELISA analysis, the RIDASCREEN® FAST Peanut kit ELISA (R-Biopharm, Darmstadt, Germany) was 

used as described in the manual. After adding the stop solution, the absorbance was measured with 

the Fluostar Optima (Isogen Life Science, Temse, Belgium). Data were processed using the RIDAWIN 

software (R-Biopharm). 

Prior to QPCR, the SureFood DNA Prep Advanced kit from R-Biopharm (Bioline NV; Herentals, Belgium) 

was used for DNA extraction. Final DNA concentrations were measured with the Biospec Nano 

(Shimadzu Biotech Europe GmbH, Duisberg, Germany). PCR reactions were performed using the 

SureFood qPCR Peanut (Bioline NV, Herentals, Belgium) according to the manufacturer’s instructions. 

The qPCR reactions were carried out on the Roche LightCycler 480 II real-time PCR instrument (Roche 

Diagnostics GmbH, Mannheim, Germany). Ultra-pure water (Biochrom GmbH, Berlin, Germany) was 

used for the all the sample preparations and negative controls. 

For both methods, an external quantification was done using the standard curves from the respective 

kits and final results are expressed in mg peanuts/kg (ppm) in the total food matrix. For the ELISA and 

PCR kit, the dilution series of the NIST SRM 2387 peanut butter and SureFood® QUANTARD Allergen 

40 ppm S3301(R-Biopharm, Bioline NV, Herentals, Belgium) were used as standard materials, 

respectively. 
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4a.2.3. Protein extraction and digestion  

4a.2.3.1. Reagents 

Sucrose, tetraethylammonium bicarbonate (TEAB), guanidine hydrochloride (Gu.HCl), tris(2-

carboxyethyl)phosphine hydrochloride (TCEP.HCl), ammonium bicarbonate (NH4HCO3), and bovine 

pancreas trypsin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Potassium Chloride (KCl), 

tris(hydroxymethyl)aminomethane (Tris, pH 7.8), ethylenediaminetetraacetic acid (EDTA), and 

dithiothreitol (DTT) came from Merck (Darmstadt, Germany). Iodoacetamide (IAA) came from G 

Biosciences (St. Louis, MO, USA). Acetonitrile (ACN), methanol (MeOH), chloroform (all ULC-MS grade), 

and formic acid (FA) were purchased from Biosolve B.V. (Valkenswaard, The Netherlands) and 

trifluoroacetic acid (TFA) from Thermo Scientific (Waltham, MA, USA). The water used was MilliQ H2O. 

4a.2.3.2. Protocol 

Starting with 2.5 g sample, 15 mL of the homogenization buffer (30 % sucrose, 0.1 M KCl, 50 mM Tris-

HCl pH 8, and 5 mM EDTA) and 100 µL DTT were added. The samples were incubated, shaken at 4 °C 

overnight, and then centrifuged for 15 min at 2500 x g. After collecting the supernatant (+/- 6 – 7 mL), 

the proteins were precipitated as described in Minkoff, Burch & Sussman (2014). Prior to digestion, 

the pellet was resuspended in 2 mL of 6 M Gu.HCl, 50 mM TEAB. For reduction and alkylation, 570 mM 

TCEP.HCl (pH 8) and 750 mM iodoacetamide (both dissolved in H2O) were added to a final 

concentration of 15 and 30 mM, respectively, and incubated at 30 °C for 1 h. To reduce the Gu.HCl 

content, the samples were diluted 8 times with 50 mM TEAB. The protein concentration was 

determined using the NanoDropTM spectrophotometer ND-1000 (Thermo Fisher Scientific, Merelbeke, 

Belgium). Trypsin was added at a ratio of 1:50 (based on protein concentrations) to 4-5 mL 

(54.7 +/- 8.8 mg proteins) of the reduced protein samples and incubated overnight at 37 °C. The 

reaction was stopped by adding a small amount of TFA to drop the pH to ≤ 3. Samples were filtered 

using the Millipore 0.22 µm filters (Billerica, MA, USA) and desalted using the Sep-Pak Vac 1cc C18 SPE 

reversed phases columns from Waters (Milford, MA, USA) according to the manufacturer’s 

instructions. Washing and eluting buffers were 1 mL of 2 % ACN + 0.1 % TFA and 2 mL of 70 % ACN + 

0.1 % TFA, respectively. The solvent was removed under nitrogen flow at 40 °C. The samples were 

resuspended with 500 µL 100 mM Tris (pH 7.8), filtered through the Millipore 0.22 µm filters and 

measured with the spectrophotometer. 

4a.2.4. UHPLC-MS(/MS) analysis 

To separate the peptides prior to MS detection, an AcquityTM UltraPerformance LC system from 

Waters (Milford, MA, USA) using an AcquityTM UPLC BEH300 C18 reversed phase column (Waters, 

300 Å , 1.7 µm, 2.1 x 150 mm) with a VanGuard pre-column (Waters, 300 Å, 1.7 µm, 1 x 5 mm) attached 

upstream was applied for all MS purposes. For details, see Appendix 4a.1: UHPLC parameters. To 



Chapter 4a 

117 
 

identify suitable peanut peptide markers during the discovery phase, the samples were subjected to 

HRMS analysis (due to high-resolution) in data independent MSE acquisition mode (Synapt G2-S, 

Waters; see Appendix 4a.2: HRMS instrument parameters). The ProteinLynx Global Server version 

3 0 1 (PLGS; Waters) was applied to identify the most abundant peanut peptides (see Appendix 4a.3: 

PLGS processing and workflow parameters). To verify and detect the selected marker peptides 

routinely in samples, the tandem quadrupole MS was used because of its high sensitivity (Xevo TQ-S; 

Waters; see Appendix 4a.4: UHPLC-MS/MS instrument parameters). 

4a.3. Results and discussion 

4a.3.1. Protocol optimization 

First, we tested frequently used extraction buffers containing NH4HCO3 or Tris-HCL. Peanut could only 

be detected in the 40000 ppm CPP samples, while the same roasted peanut in rice showed higher 

recoveries and better sensitivities using the same protocols (Figure 4a- 1).This can be due to the 

complexity of spice components (e.g. phenolic components), which can hamper protein extraction and 

detection (Staes et al., 2011). When alcohol-organic protein precipitation protocols were tested, the 

extraction protocol based on the work of Minkoff, Burch & Sussman (2014) showed directly improved 

recoveries (Figure 4a- 1). Alcohol precipitation protocols (in this case methanol) are widely used to 

remove interfering components (e.g. polysaccharides, phenolic components, etc.) (Staes et al., 2011). 

To identify the most abundant specific marker peptides in the CPP powder, 40000 ppm peanut 

digested CPP samples were analyzed using UHPLC-HRMS. Almost all of the identified peptides were 

part of the 11S seed storage protein (Ara h 3), a major plant allergen (Breiteneder & Radauer, 2004). 

Identified peptides were further selected based on their in silico selectivity (verified with the 

UniProtBLAST tool against the plant database, E threshold = 1000), type of product (in source 

fragments and missed cleavages were left out), intensity signal, and amino acid length (≥ six amino 

acids to guarantee specificity). Peptides containing readily oxidizing amino acids (e.g. cysteine – C – 

and methionine – M) were kept to a minimum. However, (R)NLPQQCGLR(A) was still used because of 

the good performance characteristics in the following steps using this peptide. The peptides were 

subsequently used in UHPLC-MS/MS modality to verify the peptides based on their amino acid 

sequences and to select the two fragment ions with the highest intensities (b- or y- ions were selected 

if possible). The peptides which performed the best in the low ppm-incurred CPP samples were used 

to evaluate the final method (Table 4a- 1). 

The protein concentration variation was corrected by normalizing the obtained results of the peptides 

(area under the curve), which was done by dividing the areas with the measured protein 

concentrations of the final solution. 
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Figure 4a- 1. Chromatographic peaks of the MRM transitions of the peptide (R)NLPQQCGLR(A) of different 

samples. I: Peptide area under the curve. S/N = Signal to noise ratio. Protocol A = Tris-HCl protein extraction; 

Protocol B = Methanol-chloroform protein extraction. x = unknown peanut concentration present in the blank 

chili pepper powder. The added peanut is described after the “+” in the equitation (e.g. (100 + x) ppm = 100 ppm 

added peanuts + unknown ppm peanut concentration 

 

Table 4a- 1. MRM-parameters for each marker peptide 

 

RT = Retention Time: RTs with * = Protocol B (otherwise protocol A) The m/z-values in bold were selected as best-performing ion for 

quantification purpose. 

  

40000 ppm peanut in rice 
(protocol A) 

(400000 + x)  ppm 
peanut in pepper 
(protocol A) 

(100 + x)  ppm peanut 
in pepper (protocol A) 

(100 + x)   ppm peanut 
in pepper (protocol B) 

(0 + x)    ppm peanut in 
pepper (protocol B) 

nr.  Peptide Protein RT (min) 

m/z 
precursor 
ion z 

m/z 
fragment 
ion Type  CE 

1 (R)LNAQRPDNR(I) 

Arah3 (11S 
globulin)  

4.9 (+/- 0.19) 362.1 3 272.0 a3 20 

  
5.1 (+/- 0.07)*   289.3 y2 20 

2 (R)RPFYSNAPQEIFIQQGR(G) 15.6 (+/- 0.17) 684.8 3 488.1 y4 20 

  
15.9 (+/-0.08)*   748.5 y6 20 

3 (R)VYDEELQEGHVLVVPQNFAVAAK(A) 18.1 (+/- 0.16) 853.0 3 473.5 y9+2 20 

   
  756.6 b13+2 20 

4 (R)NLPQQCGLR(A) 
Ara h 2 
(Conglutin) 

8.4 (+/- 0.16) 543.6 2 429.8 y7+2 15 

   8.7 (+/- 0.08)*   858.2 y7 20 
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4a.3.2. Analytical performance  

The UHPLC-MS/MS method was validated using the following dilution series of the incurred CPP: 100 

– 75 – 50 – 20 – 10 – 5 and 0 ppm. Two dilution series were sampled and analyzed at different times 

periods to assess the linearity of the test. To evaluate the recovery, the 20 ppm levels were sampled 

eight and two times and analyzed at two different times. At two other times, two extra dilution series 

were prepared and analyzed from 50 to 5 ppm (each sample in duplicate). All these samples were used 

to estimate the LOD and LOQ of the method, namely by averaging the lowest spiking levels with the 

signal to noise ratios (S/N) of the second-best performing transition ≥ 3 and of the best-performing 

transition ≥ 10, respectively. The chromatographic peaks for the lowest detectable ppm-levels are 

represented in Figure 4a- 2. 

According to the Standard Method Performance Requirements (SMPR) for detection and 

quantification of selected food allergens (Paez et al., 2016), the % recovery, repeatability (RSDr %), and 

reproducibility (RSDR %) should be 60-120, ≤ 20 and ≤ 30, respectively. These criteria were fulfilled for 

the first three peptides, presented in Table 4a- 2. Next, the LOD and LOQ should be ≤ 3 and ≤ 10 ppm, 

respectively, for peanut without considering the consumption portions of the specific food products. 

The US Food Allergy and Research Program (FARRP) reported that numerous quantitative risk 

assessments were conducted to establish a universal threshold concentration for spices, accounting 

for consumption portions and the eliciting dose which causes an allergic reaction to 1 % of the total 

allergic population (ED01). According to the Voluntary Incidental Trace Allergen Labelling initiative 

(VITAL 2.0), which has been developed in Australia and New Zealand, the ED01 for peanut is 0.2 mg 

peanut proteins (Taylor et al., 2014). Based on this information, the FARRP states that contamination 

of peanut below 25 ppm in spices results in a zero-risk for potential allergic reactions23. This is also 

shown by a recent work documenting the daily consumption portion of spices, including chili peppers 

in southern India (Siruguri & Bhat, 2015). In this region, chili pepper is commonly used in food and 

consumed in large portions on a daily basis. The average consumption portion for all dishes was 3.0 g 

(range 0.5 – 20.2 g); the 97th percentile was 11.1 g. According to VITAL 2.0, this accounts for threshold 

concentrations of 256.4 ppm (portion size 3.0 g), 69.3 ppm (portion size 11.1 g), and 38.1 ppm (portion 

size 20.2 g) whole peanut in CPP. From these results, it can be concluded that this test is sensitive 

enough (LOD = 24 ppm peanuts in CPP) using the four described peptides, thus guaranteeing the 

specificity (two proteins are considered). The LOD values were determined while taking the hidden 

presence of peanut in the zero-CPP sample into account (see Table 4a- 2 and the following section 

below). 

                                                           
23 http://www.seasoningandspice.org.uk/publicgeneral/Q&A.pdf 



 

 
 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 4a- 2. Chromatograms of MRM-transitions of the two fragment ions for each peptide. S/N = Signal to noise ratio. I = Area under the curve of the peptide. 
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Table 4a- 2. Validation parameters of each peptide for peanut in chili pepper 

    

Peptide LOD1 LOQ1 Estimated peanut concentration (ppm whole peanut in the chili 

pepper powder +/- standard deviation in ppm) 

LOD2 LOQ2 

Nr. 
     

1 11.9 20.0 2.3 (+/- 3.2) 20.5 28.6 

2 2.5 6.3 8.6 (+/- 2.1)* 11.1 14.9 

3 10.0 23.8 7.8 (+/- 0.5) 18.6 32.4 

4 15.8 75.0 x 24.4 83.6 

 

x = Parameters were not calculated when the LOQ ≥ 20 ppm/ ND = not detected in minimum all the standard series / * = Estimated peanut 

concentration in the not incurred chili pepper sample, which is taken into consideration for the determination of the effective LOD and LOQ 

values/ 1 = Not taking into account the presence of hidden peanut traces/ 2 = The effective LOD and LOQ, taking into account the presence of 

hidden peanut traces (= 8.3 ppm)/ LOD/LOQ = ppm-levels with S/N-values of ≥ 3 and 10 for LOD and LOQ, respectively./ RSDr = % relative 

repeatability,  RSDR = % relative reproducibility, Rec. % = % relative recovery 

4a.3.3. Determination of hidden peanut in chili pepper powder (= CPP) 

The presence of hidden peanuts in the CPP was assumed the by following findings: 

First, for peptide 1, the best-performing fragment ion (m/z 362.1 → m/z 272.0) was found in two of 

the four CPP samples. In these samples, the second-best performing fragment (m/z 362.1 → 

m/z 289.3) was found, however, the S/Ns were ≤ 3. For peptide 2, both fragment ions (m/z 684.8 

→ m/z 748.5 and 488.1) were found in three of the four zero samples, in one sample only the best-

performing transition (m/z 684.8 → m/z 748.5) could be found. For peptide 3, the best-performing  

fragment ion (m/z  853.0 → m/z 473.5) was detected once. All these peaks had S/N ≥ 3 and were all 

absent when analyzing a similar spice sample (from the genus Capsicum) that tested also negative after 

performing ELISA and qPCR analysis as additional confirmation. When performing standard addition 

calculation using the two incurred series (10 – 20 – 50 – 100 added peanut in chili pepper) and the 

best-performing peptide fragment (peptide 2, m/z 684.8 → m/z 748.5), the average (±  standard 

deviation) of 8.6 ppm” (± 2.1 ppm) peanuts was calculated in the zero CPP sample (see Table 4a- 2). It 

should be mentioned that only the presence can be assumed using this UHPLC-MS/MS method, 

because the “hidden” concentration is lower than the LOD of the best-performing peptide (peptide 2: 

LOD 11.1 ppm), however the concentration present is lower than the maximum consumption 

threshold concentration of 20.2 g (38.1 ppm) (Siruguri & Bhat, 2015). 

  

Peptide 20 ppm incurred peanuts r2 Range Slope 

Nr. RSDr % RSDR % Rec. %  (mg/mL)1  

1 
19.94 19.77 113.07 0.840 (+/- 0.088) 20 - 100 1.97 (+/- 0.72) 

2 
10.11 12.04 99.17 0.985 (+/- 0.011) 10 - 100 2.59 (+/- 0.12) 

3 
11.45 11.07 94.90 0.992 (+/- 0.009) 20 - 100 2.01 (+/- 0.20) 

4 
x x x x x x 
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The assumptions were further confirmed by performing additional ELISA and qPCR tests, which are 

used routinely by the National Reference Lab (ILVO, Belgium). 

The CPP tested positive in three replicate samples after ELISA(7.76 +/- 4.0 ppm peanut using the 

external standard curve and 9.4 ppm using standard addition calculation). Also, a high coefficient of 

regression was achieved  (measured ppm vs actual ppm-level) of the peanut incurred CPP matrices (0 

– 1 – 5 – 20 ppm added peanut in CPP; r2 = 0.995, see Chapter 4b section 4b.3.1.1 RIDASCREEN® FAST 

Peanut ELISA). 

The CPP was also tested in duplicate with the qPCR (1.4 +/- 0.002 pm peanut using the external 

standard curve), however, results showed poor linearity at low ppm-level after analyzing the peanut 

incurred series (0 – 0.5 – 1 – 5 – 20 – 50 – 100 ppm added peanut in CPP; r2= 0.160, see Chapter 4b 

section 4b.3.1.2 SureFood® ALLERGEN QUANT Peanut qPCR), so no standard addition quantification 

could be done for the CPP sample. 

It can be concluded that the analyzed CPP sample contained hidden peanut traces; similar quantitative 

results were obtained for both the UHPLC-MS/MS method and the ELISA. For the qPCR, the CPP tested 

also positive, although a low linearity was obtained, making this method less suitable for quantification 

of traces peanut in this matrix. This comparison proved that the UHPLC-MS/MS method is a good 

alternative to detect peanut in chili pepper next to the current ELISA method used in routine, especially 

when results are doubtful and analysis by a complementary method is needed. 
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CHAPTER 4b: 

Comparison of detection methods to trace hidden 

peanut allergens in spices 

Vandekerckhove Marjolein, Bart Van Droogenbroeck, Isabel Taverniers, Marc De Loose, Els 

Daeseleire, Hilde Lapeere, Philippe Gevaert, Christof Van Poucke 
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the data. (2017, Supplementary data) 

Abstract 

The detection of peanuts in chili pepper spices has led to the urgent need of methods to confirm the 

presence of peanut traces in these spices. Therefore, in the previous chapter, a UHPLC-MS/MS method 

has been developed specifically for this purpose. Due to the complexity of the chili pepper 

matrices,specific method optimization, and validation is necessary. In this chapter, the main focus was 

to gain more insights regarding the performance of three different detection methods to analyze 

peanut traces in several commercial spices, i.e. the ELISA RIDASCREEN®FAST Peanut, the SureFood® 

ALLERGEN QUANT Peanut qPCR, and the in-house developed UHPLC-MS/MS method. Overall, the 

RIDASCREEN® FAST Peanut ELISA obtained a better sensitivity than the in-house developed UHPLC-

MS/MS method. However, both methods are sensitive enough taking into account the ED01 values for 

peanut and the consumption volumes of spices. The SureFood® ALLERGEN QUANT Peanut qPCR was 

not further investigated due to the poor performance in the chili pepper samples. The RIDASCREEN® 

FAST Peanut ELISA and the in-house developed UHPLC-MS/MS method can be used in parallel, because 

there was a good correlation between the positive tested samples with the ELISA and the UHPLC-

MS/MS results. More research is required to improve the sensitivity of the UHPLC-MS/MS method if 

the same sensitivities are required as obtained with the ELISA method. 
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4b.1. Introduction 

In 2015, the Belgian Federal Agency for the Safety of the Food Chain (FASFC, Belgium) reported the 

undeclared presence of peanut traces in numerous chili pepper powders (genus Capsicum) after 

several ELISA tests by different companies. The presence of peanut traces in these samples had to be 

confirmed using orthogonal detection methods (Garber et al., 2016). In Chapter 4a, a novel in-house 

UHPLC-MS/MS method was therefore developed to detect traces of peanut in chili pepper 

(Vandekerckhove et al., 2017). This development was urgently needed as a confirmatory tool besides 

the most applied methods at that time, being ELISA and qPCR methods. 

Among the different food allergen detection systems, ELISA and qPCR are the most frequently applied 

methods in food allergen research and routine (Diaz-Amigo & Pöpping, 2010) (see also Chapter 2 

section 2.5.2. Overview of the most common allergen detection methods). Both approaches have the 

possibility to detect and quantify traces of allergens in food with a high sensitivity and specificity (see 

Table 4a- 1 for published sensitivities of different peanut allergen detection methods in diverse 

matrices). For peanut, plenty of ELISA and qPCR methods have been published and there are numerous 

commercial peanut detection kits available on the market for both detection systems (Holzhauser et 

al., 2014; Immer et al., 2004; Jayasena et al., 2015; Kiening et al., 2005; Köppel et al., 2010; Montserrat 

et al., 2015; Scaravelli et al., 2008). ). Several UHPLC-MS/MS methods have already been developed to 

detect peanut in different food matrices with a high sensitivity and specificity (see Table 4b- 1) (Careri 

et al., 2007; Careri et al., 2008; Korte & Brockmeyer, 2016; Planque et al.; 2016; Pilolli, De Angelis & 

Monaci).  

As discussed earlier in Chapter 2 section 2.6.1.1 Food matrix and processing interference and 

Chapter 3b, multiple food processing steps and matrix components have the potential to interfere with 

the target sampling procedure, detection, and quantification for all the above-discussed detection 

methods. Numerous comparative studies have been published in which different peanut detection 

methods were tested for their performance in various food matrices (Hurst, Krout & Burks, 2002; 

Jayasena et al., 2015; Koch et al., 2003; Parker et al., 2015; Poms et al., 2005). In the study of Scaravelli 

et al. (2009) for example, the effect of heat treatment on the detectability of peanut traces was 

investigated by two different ELISA and three qPCR methods. Roasting was found to strongly affect the 

detection of both target molecules (proteins and DNA), and this study showed that this decrease in 

detection follows a similar trend for both types of analytical methods. However, due to inherent 

differences between the methods, e.g. at the level of extraction procedures, reference standards, 

expression of results, and the ranges of quantification, it is not always straightforward to compare the 

results of different studies. This leads to confusion among the end-users. Montserrata et al. (2015) 

reported, for example, a significant influence of the applied ELISA format and the selection of the target 
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proteins on the detection of peanut in processed foods. Next, most of the methods are suitable for 

qualitative screening, but due to matrix and processing interferences, not for quantitative assays. 

Furthermore, false positive results can occur with all of the applied detection methods. For example, 

in a study of Stelk et al. (2013), false positive ELISA results for peanut were obtained in a liquid caramel 

coloring. Also, the Food Allergy Research and Resource Program (FARRP, Nebraska-Lincoln) assumed 

that false positive results (with results > 10 ppm) might occur using ELISA in chili pepper powders24. 

Table 4b- 1. Reported sensitivities for different peanut detection methods in various food matrices 

Peanut Detection Method Limit of detection (mg/kg)* Food matrix 

RIDASCREEN® FAST peanut ELISA kit (Immer et al., 2004) 1.5 Cookies, ice cream, breakfast cereal, and milk 

chocolate 

Sandwich ELISA (Kiening et al., 2005) 0.2 - 1.2 Butter cookies, breakfast cereals, vanilla ice 

cream, milk chocolate, and dark chocolate. 

qPCR (Scaravelli et al., 2008) 10 Cookies 

LC-MS/MS (MRM3) (Korte & Brockmeyer, 2016) 0.3 - 1 Bread, ice cream and milk chocolate 

 

* mg peanut per kg food matrix.  

The aim of this study was to obtain preliminary results about the detection of peanut traces in 

commercial chili peppers (and several other spices) using orthogonal detection methods widely used 

in food allergen research. All these methods have typical advantages and limitations, but no 

standardized method is so far imposed by regulatory instances. Especially in difficult food matrices, 

verification of the performance characteristics (specificity, recovery etc.) of the detection methods is 

needed to guarantee the reliability of the results. As has been addressed by Garber et al. (2016), the 

importance of orthogonal allergen methods becomes more commonplace in food allergen research, 

especially when difficult food matrices have to be tested and if test results are questionable. This is 

also the case for chili peppers, which are a source of phenolic compounds, which can hamper the 

extractability and detectability of the targets as mentioned earlier in Chapter 4a. 

For this study, the ELISA RIDASCREEN®FAST Peanut, the SureFood® ALLERGEN QUANT Peanut qPCR, 

and the in-house developed UHPLC-MS/MS (see Chapter 4a) were tested and compared. Only the 

ELISA RIDASCREEN®FAST Peanut has been approved by a premier method certification program for 

proprietary methods, namely by the AOAC (Association of analytical communities) Performance Tested 

MethodsSM Program, and was assigned a PTM Certification No. 030404 by this AOAC Research 

Institute25. The in-house validation data was confirmed by an independent lab and the method is 

applicable for the detection of peanut in cookies, ice cream, breakfast cereal, and milk chocolate 

                                                           
24 Federal Agency for the Safety of the Food Chain: Recalls of  Cayenne pepper/Pili-Pili 
25 https://food.r-biopharm.com/products/ridascreenfast-peanut/ 
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(Immer et al., 2004). Up till now; this kit was not tested for chili pepper so verification of the 

performance of this method is needed for this particular matrix. 

4b.2. Materials and methods 

4b.2.1. Sample materials 

Multiple dried spices (three pili-pili, four sweet paprika, two curries, two chilies, two ground cumin, 

one mixed piri-piri, two smoked paprika, and one Cajun powder) which had to be tested for the 

presence of traces of peanut were obtained from a local spice distributor (Table 4b- 2). 

Table 4b- 2. List of the dried spices 

 

As reference material, the incurred chili pepper matrices developed during the previous chapter were 

used (see Chapter 4a section 4a.2.1. Preparation of reference material). 

As negative controls, eleven varieties of the following pepper species Capsicum annuum, Capsicum 

frutescens, or Capsicum chinense were collected during spring 2016: bell peppers with trade names 

Planet and Aurelio, pepperoni with trade names Habanero Red Orange, Mechico, Yucatan, and 

Habanero Rosso, pepper Jalapena, Turkish pepper, Spanish pepper, pepperoni Cancun, and pepperoni 

Saltillo. An overview of the different cultivars and used materials is given in Table 4b- 3. 

All the varieties were grown under controlled conditions in a local greenhouse. As no peanuts had ever 

been grown in this greenhouse and its direct neighborhood, contamination with peanut was supposed 

to be impossible therefore the likely contamination with peanut was reduced. These different varieties 

were freshly harvested and the seeds and mesocarp were separated and stored at -80 °C. The seeds 

were put in a container and treated with liquid nitrogen so the samples were easier to grind. To 

pulverize the hard seeds, these were ground using a RETSCH MM400 ball mill (RETSCH Technology 

GmbH, Haan, Germany) for 3 min at a frequency of 30 times/s. The flesh of the mesocarps was ground 

using a grinding machine (SerCoLab, Merksem, Belgium). The samples were put in a plastic bag and 

Sample nr. Description Sample nr. Description 

1 Ground pili-pili lot 1 10 Ground cumin lot 2 

2 Ground pili-pili lot 2 11 Mixed piri-piri 

3 Sweet paprika powder lot 1 12 Smoked paprika powder lot 1 

4 Sweet paprika powder lot 2 13 Smoked paprika powder lot 2 

5 Sweet paprika powder lot 3 14 Ground pili powder 

6 Sweet paprika powder lot 4 15 Sweet curry 

7 Curry powder (Madras) 16 Mixed Cajun 

8 Chili powder 17 Pili pili pods 

9 Ground cumin lot 1 
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brought for a few seconds in liquid nitrogen. Due to the small amounts of raw materials of the 

Pepperoni Cancun and Saltillo samples, the flesh and seeds were mixed together. After the 

homogenization, all preparations were stored at -20 °C. 

Table 4b- 3. List of the pepper cultivars including the trade names, species names, and codes 

Full trade name Latin name Species Codes 

Bell Pepper PLANET Capsicum annuum Bell pepper Seed 1 Flesh 1 

Bell Pepper AURELIO Capsicum annuum Bell pepper Seed 2 Flesh 2 

Pepperoni HABANERO (Red Orange) Capsicum chinense Chilli pepper Seed 3 Flesh 3 

Pepperoni MECHICO Capsicum chinense Chilli pepper Seed 4 Flesh 4 

Pepperoni YUCATAN Capsicum frutescens Chilli pepper Seed 5 Flesh 5 

Pepperoni HABANERO (Rosso) Capsicum frutescens Chilli pepper Seed 6 Flesh 6 

JALAPENA Capsicum annuum Bell pepper Seed 7 Flesh 7 

Turkish Pepper Capsicum annuum Bell pepper Seed 8 Flesh 8 

Spanish Pepper Capsicum annuum Bell pepper Seed 9 Flesh 9 

Pepperoni CANCUN Capsicum frutescens Chilli pepper Seed + Flesh 10 

Pepperoni SALTILLO Capsicum frutescens Chilli pepper Seed + Flesh 11 

    

 

 
   

4b.2.2. Reagents and kits 

The RIDASCREEN® FAST peanut ELISA kit, the SureFood® PREP Advanced kit, and SureFood® ALLERGEN 

QUANT Peanut qPCR kit were purchased from R-Biopharm AG (Darmstadt, Germany). For the ELISA 

and qPCR, ultra-pure water (Biochrom GmbH, Berlin, Germany) was used for the sample preparation 

and negative control. 

The materials used for the UHPLC-MS/MS method are described in Chapter 4a section 4a.2 Materials 

and methods. 

4b.2.3. Methods 

For each detection method, the specific LOD and LOQ values with their target of detection are 

presented in Table 4b -4.  
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Table 4b- 4. List of the applied detection assays with the respective LOD and LOQ values and targets of detection 

ppm = mg peanut /kg matrix 

4b.2.3.1. ELISA 

The RIDASCREEN® FAST Peanut ELISA extraction and protocol were performed as described in the 

provider’s manual with minor adaptations. When sufficient sample was available, 1 g was used in the 

extraction. Only for the seed samples and the Pepperoni MECHICO flesh sample, 200 mg was used. 

Skimmed milk powder (manufactured at ILVO, Melle, Belgium) was added to the samples due to 

caseins’ high affinity for tannins and polyphenols. After extraction of the proteins, the samples were 

vigorously vortexed, followed by centrifugation of 2 mL extracts for 10 min at 26000 x g. The 

absorbance was measured with the Fluostar Optima (Isogen Life Science, Temse, Belgium). 

4b.2.3.2. qPCR 

The SureFood® PREP Advanced kit for DNA extraction and ALLERGEN QUANT Peanut qPCR were used 

as described in the manual. Final DNA concentrations were measured with the Biospec Nano 

(Shimadzu Biotech Europe GmbH, Duisberg, Germany). The qPCR reactions were set in the Roche 

LightCycler 480 II real-time PCR (Roche Diagnostics GmbH, Mannheim, Germany). 

4b.2.3.3. UHPLC-MS/MS 

To separate the peptides prior to MS detection (Xevo TQ-S; Waters, Milford, MA, USA), the AcquityTM 

UltraPerformance LC system from Waters was applied, using the AcquityTM UPLC BEH300 C18 reversed 

phase column (300 Å , 1.7 µm, 2.1 x 150 mm) with the VanGuard pre-column (300 Å, 1.7 µm, 1 x 5 mm) 

attached upstream. The protocol described previously in Chapter 4a section 4a.2.4. UHPLC-MS(/MS) 

analysis was applied to all the samples. Of the protein extracts, 4 mL (equivalent to 17.1 +/- 5.5 mg 

peanut proteins) were used for the tryptic digestion. 

Method LOD (ppm*) LOQ (ppm*) Target 

RIDASCREEN®FAST Peanut ELISA 1.5  2.5  Ara h1 & Ara h2  

SureFood® ALLERGEN QUANT Peanut qPCR  ≤ 1  4 Not specified 

LC-MS/MS (Vandekerckhove et al., 2017) 18.7  27.0  Ara h 3 (R)LNAQRPDNR(I) 

 10.8  14.5  Ara h 3 (R)RPFYSNAPQEIFIQQGR(G) 

 17.1  20.8  Ara h 3 (R)VYDEELQEGHVLVVPQNFAVAAK(A) 

 20.8  83.3  Conglutin (R)NLPQQCGLR(A) 
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4b.3. Results and discussion 

4b.3.1. Performance evaluation of the different detection methods 

4b.3.1.1. RIDASCREEN® FAST Peanut ELISA 

As mentioned in Chapter 4b section 4a.2.3. Determination of hidden peanut in chili pepper powder 

(= CPP), the blank CPP sample (measured three times independently) gave a positive test result using 

the external standard curve of the kit (average of 7.8 +/- 4.0 ppm peanut). When calculating the 

amount of peanut traces based on the standard addition calculation (using the standard curve of test 3, 

see Table 4b- 5 and Figure 4b- 1), a concentration of 14.5 ppm peanut traces was obtained. This value 

is close to the 12.34 ppm peanut measured for the first blank during test 3. The observed variability in 

the concentration detected in the blank samples can be due to the low homogeneity of the blank 

samples or a weak reproducibility of the ELISA method. This must be further examined. 

The % recovery of the peanuts in the chili pepper using the RIDASCREEN® FAST Peanut ELISA was 

determined by analyzing the peanut incurred CPP samples (see Table 4b- 5). The relative recoveries of 

the added peanut were 198.9, 115.0, and 92.9 % for the 1, 5 and 20 ppm samples respectively, when 

subtracting the blank CPP signal of the same test run (test 3, see Table 4b- 5). According to the AOAC 

Standard Method Performance Requirements (SMPRs) for Detection and Quantitation of Selected 

Food Allergens 2016.002 (Paez et al., 2016), the % recovery must be between 60 and 120 %. These 

criteria were fulfilled for the 5 and 20 ppm CPP samples (when assuming that peanut is present in the 

blank CPP sample). It is not surprising that the 1 ppm CPP sample obtained a high recovery, as this 

spiked level is very low and as such is the amount peanut added very low compared to the amount 

present, resulting in a high measurement error (1.99 ppm was measured instead of 1 ppm). Finally, a 

high linear coefficient of regression was obtained (r2 = 0,9954, see Figure 4b- 1). 

 

 

 

 

 

 

Figure 4b- 1.Trendline of the dilution series of the peanut incurred CPP samples, analyzed with the 

RIDASCREEN®FAST Peanut ELISA 
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Due to the positive signal of the blank CPP sample, negative pepper samples were analyzed 

additionally. As described in section 4b.2.4b.2.1 Sample materials, the negative controls were grown 

and harvested under controlled conditions (see Table 4b- 3). The first species tested, Capsicum 

annuum, includes a wide variety of peppers, including chili peppers, hot peppers, and sweet bell 

peppers. This species is also called ‘paprika’ when used as a powder and it is frequently used in curries, 

Cajun mixes etc. The second species, Capsicum frutescens, includes very few varieties of chilies, which 

are used in tabasco pepper, cayenne pepper, piri-piri pepper (also called pili-pili) etc. The last one, 

Capsicum chinense, is also known as the bonnet pepper and includes the hottest peppers (Rodríguez-

Burruezo et al., 2010). None of these samples showed cross-reactivity with the ELISA-kit (see Table 4b- 

5). Since plenty of different pepper species were tested and none of them showed a signal above the 

LOD of the kit and the CPP samples gave us three times a signal above the LOQ of the kit (2.5 ppm 

whole peanuts), these results can be considered as an extra confirmation that the used CPP reference 

materials are contaminated with low traces of peanuts. Only the seed + flesh samples (10 + 11) gave a 

weak positive signal, however, these signals were still under the LOD of the ELISA method so cannot 

be considered positive. The blank pepper and the CPP samples were sampled and measured under the 

same conditions, and first, the negative control samples were analyzed prior the peanut incurred 

samples, so contamination of the CPP samples with peanut in the lab can be ruled out as this was not 

observed in any of the blank pepper samples.  
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Table 4b- 5. RIDASCREEN® FAST Peanut ELISA-results of blank peppers samples (seeds 1-9, whole fruit 10-11 and 

flesh 1-9) and the peanut incurred chili pepper powder (CPP) series 

Test+ Sample OD** Ppm Ppm - blank %Rec. 

1 

SEED 1* -0.0280 < LOD   

SEED 2* -0.0025 < LOD   

SEED 3*  NA NA   

SEED 4* -0.0175 < LOD   

SEED 5* -0.0230 < LOD   

SEED 6* -0.0100 < LOD   

SEED 7* -0.0150 < LOD   

SEED 7* -0.0150 < LOD   

SEED 8* -0.0016 < LOD   

SEED 9* -0.0065 < LOD   

SEED + FLESH 10* 0.1755 < LOD   

SEED + FLESH 11* 0.1110 < LOD   

2 

FLESH 1 -0.0024 < LOD   

FLESH 2 -0.0170 < LOD   

FLESH 3 -0.0150 < LOD   

FLESH 4 -0.0015 < LOD   

FLESH 5 NA  NA   

FLESH 6 -0.0105 < LOD   

FLESH 7 -0.0075 < LOD   

FLESH 8 -0.0155 < LOD   

FLESH 9 -0.0115 < LOD   

3 

0 ppm incurred chili pepper sample 1.3930 12.34 0  

1 ppm incurred chili pepper sample 1.5540 14.33 1.99 199.00 

5 ppm incurred chili pepper sample 1.8480 18.09 5.75 114.99 

20 ppm incurred chili pepper sample 2.8760 30.91 18.58 92.90 

4 0 ppm incurred chili pepper sample 0.5430 6.08   

5 0 ppm incurred chili pepper sample 0.8600 4.88   

 

* = 200 mg sample, otherwise 1 g/ ** = Average O.D. of two replicate measurements/ + = For each test, a standard curve was generated 

simultaneously./ NA = Not analyzed because not enough sample material was available. / Ppm = mg peanut / kg chili pepper powder 

4b.3.1.2. SureFood® ALLERGEN QUANT Peanut qPCR  

The % recovery of the peanuts in the chili pepper using the SureFood® ALLERGEN QUANT Peanut 

qPCR was determined by analyzing the peanut incurred CPP samples in duplicate (see Table 4b- 5). A 

poor linearity (r2 = 0.160) was obtained from the data from the qPCR Ct-values of the peanut incurred 

CPP samples (see  

Figure 4b- 2). Furthermore, the calculated ppm concentrations did not correspond to the added 

peanuts in the CPP samples (even taken into account the amount of contaminated peanut present in 

the CPP samples). The blank CPP sample gave a positive test result of 1.41 ppm. Due to this poor 

linearity, the qPCR method will not be further discussed. 
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Table 4b- 6. SUREFOOD ALLERGEN QUANT Peanut results of the incurred peanut series in chili pepper powder 

(CPP). 

Sample Ct Sample Calculated ppm % Rec. 

0 ppm incurred CPP 30,71 1,41 / 

0.5 ppm incurred CPP 29,35 6,21 1241,12 

1 ppm incurred CPP 29,5 5,27 526,98 

5 ppm incurred CPP 28,13 23,45 469,02 

10 ppm incurred CPP 29,44 5,63 28,13 

20 ppm incurred CPP 29,27 6,77 13,54 

50 ppm incurred CPP 28,35 18,45 18,45 

400 ppm incurred CPP 28,62 13,75 3,44 

4000 ppm incurred CPP 26,38 157,90 3,95 

40.000 ppm incurred CPP 22,74 8337,54 20,84 

ppm = mg peanut/kg chili pepper 

 

 

 

 

 

 

Figure 4b- 2. Trendline of the dilution series of the peanut incurred CPP samples, analyzed with the SureFood® 

ALLERGEN QUANT Peanut qPCR. 

4b.3.1.3. UHPLC-MS/MS 

A UHPLC-MS/MS method was specifically developed for chili pepper spices (see Chapter 4a). In 

summary, the following four peanut specific peptides could be detected: (R)LNAQRPDNR(I), 

(R)RPFYSNAPQEIFIQQGR(G), (R)VYDEELQEGHVLVVPQNFAVAAK(A) (all part of Ara h 3), and 

(R)NLPQQCGLR(A) (part of a Conglutin protein). The LOD and LOQ parameters were assessed making 

use of the peanut incurred CPP samples. The LOD and LOQ of the best-performing peptide, 

(R)RPFYSNAPQEIFIQQGR(G), was respectively 10.8 and 14.5 ppm peanut in CPP (accounting for +/- 2.7 

and 3.6 ppm peanut proteins). For peptides 1, 2, and 3 (see Table 4b- 4), the obtained % recoveries 

were respectively 113.1, 99.2 and 94.9 % for the 20 ppm incurred samples. 
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4b.3.2. Detection of peanut traces in dried spices 

To assess the undeclared presence of peanut in several commercial spices, seventeen different spices 

obtained from a local spice distributor (all from 2015) were tested, including paprika, pili-pili, cumin, 

Cajun mixes, and curries (Table 4b- 2). The ELISA method described above was used as a screening 

method during this study, whereas the UHPLC-MS/MS method was applied as a confirmation method 

of the positive samples. Some additional negative samples were analyzed as negative controls. The 

results of the seventeen samples and the non-incurred CPP sample are summarized in Table 4b- 7. The 

UHPLC-MS/MS chromatograms are presented in Appendix Figure A.4b- 1. 

The results of the ELISA were considered “suspected” if the calculated ppm results were between the 

LOD and LOQ of the test method (respective 1.5 and 2.5 ppm whole peanut). The test results were 

considered positive if the ppm values detected were ≥ the respective LOQ value. To test positive for 

the UHPLC-MS/MS method, two peptides, each detected by two precursor-fragment transitions with 

S/N ≥ 3 had to be identified according to the CD 2002/657 criteria (Vanhaecke et al., 2011). The 

presence of peanuts was considered suspected when two precursor peptides were found with only 

one fragment peptide S/N ≥ 3 per precursor ion or if only one precursor peptide was found with both 

fragment peptides S/N ≤ 3. 

As shown in Table 4b- 7, the ELISA method was able to detect low traces of peanut in a few samples, 

whereas the UHPLC-MS/MS method could merely suspect the presence of traces of peanuts (see Table 

4b- 7) except for sample 8, which tested positive for both methods. In these preliminary results, it could, 

however, be noticed that peptide 4 was more present than the other peptides, however in Chapter 

4a, peptide 3 gave the best sensitivity (see Chapter 4a Table 4a- 1). So further research is required to 

gain more insight into the recovery of the different peptides in similar chili spices and other spices. 

Different matrices can namely have a different impact on the extractability, digestibility, and 

detectability of the diverse targets. In general, a good correlation was observed between the results of 

the ELISA and the UHPLC-MS/MS. It could, however, be predicted that the samples which tested 

positive with the ELISA, could only be suspected using the UHPLC-MS/MS method since the determined 

LOD levels of this latest method is higher than the peanut levels determined with the ELISA method. 

The sensitivity of the UHPLC-MS/MS method has to be improved in order to confirm the ELISA test 

results with a higher reliability. 

In the context of risk assessment, however, it is important to detect the level of peanuts in the spices 

which could be considered a risk to public health. Taking into regard the VITAL 2.0 minimum eliciting 

doses for 99% (ED01) of the peanut allergic population (which is 0.2 mg peanut protein) (Taylor et al., 

2014), according to the FARRP, 25 ppm whole peanut in cumin that is used in finished products does 
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not present a public health risk anymore26. Both the RIDASCREEN® FAST Peanut ELISA and the in-house 

developed UHPLC-MS/MS methods have an LOQ ≤ 25 ppm whole peanut, so both methods are able to 

detect the peanut contamination at sufficient trace level considering these peanut ED01 levels and 

consumption volumes (considered comparable to cumin consumption volumes). When considering the 

peanut levels determined with the ELISA method, none of the spices contained ≥ 25 ppm whole peanut. 

So even for the positive tested samples, these will not cause a risk for > 99% of the peanut allergic 

population. However, the data from threshold studies is not legally binding yet for most countries and 

due to the non-harmonized approach of the EU member countries (Allen et al., 2014), existing peanut 

levels which are being safe according to the performed risk assessments can still be the subject of 

expensive food recalls (Boye & Godefroy, 2010). It is still up to the manufacturers to assess the level 

up to which the food is safe for allergic consumers. Furthermore, when all levels of peanut will lead to 

recalls, the test results of the most sensitive detection method cannot always be confirmed with an 

orthogonal detection method due to the difference in sensitivities, which is problematic for the food 

industry. 

Besides the sufficient sensitivity to realize an appropriate risk assessment, the method must be 

accurate enough to achieve a reliable quantification of the trace levels. For the ELISA method, an 

external calibration curve was used, which does not consider matrix interferences. The recoveries of 

the 5 and 20  pm incurred CPP matrices were resp. 115.0 and 92.9 %, when considering the peanut 

traces in the non-incurred CPP sample. These values were considered sufficient according to the AOAC 

Standard Method Performance Requirements (SMPRs) for Detection and Quantitation of Selected 

Food Allergens 2016.002 (Paez et al., 2016). A full validation study must be done to determine the 

reproducibility and recoveries of the peanut traces in spice samples using this external standard curve. 

For the UHPLC-MS/MS method, no standards were yet developed. There are different types of 

standards which can be used, like the use of synthetic, stable isotope-labeled (SIL) peptides which 

behave identically chromatographically and in fragmentation profile as their unlabeled target 

analogues but which differ in mass (Croote & Quake, 2016). However, these SIL peptides do not take 

into account the incomplete extraction and digestion of the target proteins. To take these factors into 

account, another suggestion is to work with isotopically labeled proteins. However, working with these 

proteins is prohibitively costly. Until now, not much is yet published concerning the quantification of 

allergens using UHPLC-MS/MS methods.  

                                                           
26 http://www.canadianspiceassociation.com/wp-content/uploads/Cumin-FAQs.pdf 
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Table 4b- 7. Results of the dried commercial spice samples analyzed with RIDASCREEN FAST Peanut ELISA and 

UHPLC-MS/MS 

 

 

+ Suspected: ELISA results were considered suspected if the calculated ppm-value is between the LOD and LOQ. 

° Positive: 2 precursor peptides were found with both fragment peptides S/N ≥ 3. Suspected: 2 precursor peptides were found with one 

fragment peptide S/N ≥ 3 per precursor or only one 1 precursor peptide was found with both fragment peptides. Negative: < 2 precursor 

peptides were found with one fragment peptide S/N ≥ 3. Peptides+: both fragment peptides were found with S/N ≥ 3. Peptides +/-: Only the 

best-performing peptide (in brackets) was found with S/N ≥ 3. NA: Not analyzed 

Sample nr.  Description 
RIDASCREEN 

FAST Peanut ELISA5 
UHPLC-MS/MS 

1 Ground pili-pili lot 1 4.77 

Suspected° 

Peptide 1: +/- (289) 

Peptide 2: +/- (748) 

Peptide 3: +/- (437) 

Peptide 4: + 

2 Ground pili-pili lot 2 
Suspected+ 

> LOD & < LOQ 

Suspected° 

Peptide 1: +/- (289) 

Peptide 2: +/- (748) 

Peptide 4: + 

3 Sweet paprika powder lot 1 < LOD Negative 

4 Sweet paprika powder lot 2 < LOD NA 

5 Sweet paprika powder lot 3 < LOD NA 

6 Sweet paprika powder lot 4 < LOD NA 

7 Curry powder (Madras) 
Suspected+ 

> LOD & < LOQ 
NA 

8 Chili powder  3.42 

Positive° 

Peptide 2: + 

Peptide 4: + 

9 Ground Cumin lot 1 > LOD NA 

10 Ground Cumin lot 2 > LOD NA 

11 Mixed piri-piri 3.12 

Suspected° 

Peptide 2: +/- (748) 

Peptide 4: + 

12 
Smoked paprika powder lot 

1 

Suspected+ 

> LOD & < LOQ 
NA 

13 
Smoked paprika powder lot 

2 

Suspected+ 

> LOD & < LOQ 
NA 

14 Ground pili powder 4.79 

Suspected ° 

Peptide 1: +/- (289) 

Peptide 2: +/- (748) 

Peptide 4: + 

15 Sweet curry 
Suspected+ 

> LOD & < LOQ 
NA 

16 Mixed Cajun 2.60 
Negative° 

Peptide 2: +/- (748) 

17 Pili pili pods 
Suspected+ 

> LOD & < LOQ 
NA 

18 Chili powder (ESS)  7.77 

Suspected ° 

Peptide 1: +/- (289) 

Peptide 2: +/- (748) 
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4b.4. Conclusion 

In conclusion, some preliminary insights were gained concerning the performance of three detection 

methods to detect peanut traces in several commercial spices, namely the ELISA RIDASCREEN®FAST 

Peanut, the SureFood® ALLERGEN QUANT Peanut qPCR, and the in-house developed UHPLC-MS/MS 

method. Overall, the RIDASCREEN® FAST Peanut ELISA showed higher sensitivity than the in-house 

developed UHPLC-MS/MS method in chili pepper spices. The SureFood® ALLERGEN QUANT Peanut 

qPCR was not further investigated due to the poor performance in this particular matrix. 

In the context of the allergen risk assessment, both the ELISA and the UHPLC-MS/MS methods are 

sensitive enough taking into account the ED01 values for peanut and the consumption volumes of 

spices. When considering the peanut levels determined with the ELISA method, none of the spices 

contained ≥ 25 ppm whole peanut, which will not present a public health risk anymore according to 

the FARRP. However, clear regulations must be set up and standardized to determine whether food 

recalls are necessary. There must be a generalized agreement concerning the action levels of peanut 

traces in specific food products and if positive tested samples based on one detection method should 

be confirmed using an orthogonal detection method. In this perspective, the RIDASCREEN® FAST 

Peanut ELISA and the in-house developed UHPLC-MS/MS method can be used in parallel because there 

was a good correlation between the samples that tested positive with the ELISA and the UHPLC-MS/MS 

results. 

In general, more research is required concerning the following subjects. First, further optimization of 

the UHPLC-MS/MS method is required to improve the sensitivity, if the same sensitivities are required 

as obtained with the ELISA. Next, the verification of the performance parameters of both methods 

must be further assessed using different spices. Finally, if peanut action levels will be considered, the 

accurate quantification of the peanut traces will become necessary. Therefore, additional studies must 

examine the quantification standards for both the ELISA and the UHPLC-MS/MS method. 

To conclude, this work emphasizes the need for the additional validation of allergen detection methods 

and the use of orthogonal detection methods in complex food matrices since matrix components can 

interfere with the detection of the targets, resulting in doubtful test results. 
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Abstract 

The double-blind, placebo-controlled food challenge (DBPCFC) is considered the gold standard in food 

allergy diagnosis. However, this test is rarely performed routinely in the clinical practice because of 

various practical issues, like the lack of a standardized matrix preparation. The aim of this study was to 

develop and evaluate a convenient DBPCFC matrix, that can easily be implemented in the daily clinical 

practice. The focus of this study was the blinding of hazelnuts, in which the hazelnuts retained as much 

as possible their allergenicity and could be mixed homogeneously in low-doses to the matrices. A 

basophil-activation test (BAT), microbial tests, and an ultra-high liquid chromatography mass 

spectrometry (UHPLC-MS/MS) test were performed to assess respectively the allergenicity of the used 

hazelnuts, the microbial stability of the novel developed matrices, and the homogeneity of the 

hazelnuts in the matrices. A sensory test was conducted to validate the blinding of the hazelnuts in the 

matrices. A pilot DBPCFC study included eight patients as proof of concept. The BAT test gave the first 

insights regarding the retained allergenicity of the hazelnuts. The microbial safety could be assured 

after twelve months of storage. Sufficient masking was assessed by several sensory tests. 

Homogeneous hazelnut distribution could be achieved for the different hazelnut concentrations. The 

challenge results showed diverse allergic responders (from no reactions to distinct objective 

symptoms). 

Trial registration 

EC Project number: EC/2015/0852; Date of registration: 13 OCT 2015; End date: 01 FEB 2017  



Chapter 5 

142 
 

5.1. Introduction 

The DBPCFC is considered the gold standard in food allergy diagnosis. This is, however, not common 

practice in the daily clinical setting due to several limitations, such as the lack of the standardized 

preparation of the matrices. One of the limiting factors of the DBPCFC is that the clinical staff must be 

able to prepare the matrices by themselves, so too labor-intensive preparations (e.g. baking, etc.) are 

not likely to be used in the routine (Sampson et al., 2012). 

From the clinical perspective, the DBPCFC is useful to e.g. exclude/confirm a possible food allergy when 

other in vivo/in vitro tests are producing contradictory or inconclusive results, evaluate if patients have 

outgrown their allergy, and to assess the severity of their allergic reactions. For scientific reasons, it 

can be used to estimate the global prevalence of food allergies, to assess the predictive value of other 

diagnostic methods, and to determine specific threshold levels. However, a proper validation of these 

matrices has only been performed in a limited number of studies (Cochrane et al., 2012; González-

Mancebo et al., 2017; Ronteltap et al., 2004; Vlieg-Boerstra et al., 2011). Furthermore, low allergen 

dose matrices are needed to determine e.g. the minimum eliciting doses (MEDs) of the patients and 

to include safely severe allergic patients in this test (Taylor et al., 2014). As reported in 2014 by the 

Voluntary Incidental Trace Allergen Labelling 2.0 (VITAL) initiative, the MED in 1 % of the hazelnut 

allergic population (ED0.1) is estimated to be 0.1 mg hazelnut proteins (Taylor et al., 2014). However, 

limited studies have yet been conducted to develop lower dose vehicles in which the homogeneity was 

determined. 

For hazelnuts, as far as we know, only a low-level matrix was developed using defatted hazelnuts 

(starting with 3 µg hazelnut proteins) (Cochrane et al., 2012). However, defatting removes oil-body 

associated allergens which can also provoke severe allergic symptoms (Zuidmeer-Jongejan et al., 

2014). The high-fat content of hazelnuts (+/- 61 % w/w) makes homogenization and hence masking of 

the non-defatted nuts difficult. 

This project focused on the development and evaluation of a novel, easy-to-use DBPCFC matrix for raw 

hazelnuts at low-level, which can be used in a standardized way in daily clinical practice and by multiple 

centers to allow comparison of test results. This study reports to our knowledge, the first matrix 

containing low doses of raw, non-defatted hazelnuts and no other major allergenic ingredients listed 

in the Regulation (EU) No 1169/2011. 

5.2. Methods 

5.2.1. Preparation of the DBPCFC matrices 

We developed a powder mix that results in a cold chocolate dessert after the addition of water. The 

ingredients are listed in Table 5- 1. Blanched raw hazelnuts were ground in a RETSCH ZM200 mill 
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(RETSCH, Düsseldorf, Germany) with a 0.75 mm sieve and afterward rolled with the Exakt 3-wals 80E 

(Exakt Technologies, Oklahoma, US) at 350 rotations/min. The protein content was determined using 

Kjeldahl analysis (according to ISO8968-2, conversion factor = 5.18). The rolled hazelnuts were 

packaged under vacuum conditions and stored in the dark at ambient temperatures (20°C). 

Table 5- 1. Ingredients used for the DBPCFC matrix preparation 

Added ingredients Brand Powder mix I (g/portion) Powder mix II (g/portion) 

Vanilla sugar1 Imperial 10.00 11.00 

Brown sugar1 Candico 2.50 4.10 

Stevia1 Pure Via 2.50 2.40 

Cacao 100%1 Callebaut 8.20 10.70 

Cold thickener (Quelli)2 Dawn 2.30 1.25 

Sunflower Lecithin Sun 400 organic3  Lecico 0.30 0.30 

Vanilla aroma3  Dawn 0.50 0.40 

Lemon extract 4 LorAnn Super-Strength Flavor 0.06 0.09 

Cocos extract4 LorAnn Super-Strength Flavor 0.10 0.17 

Speculaas spices3 J. S. Polak 0.28 0.53 

Rice flakes Vanille1 Olvarit 2.80 2.80 

Nutramigen AA6 Mead Johnson 5.50 6.50 

TOTAL x 35.04 40.24 

1 No allergens were mentioned on the product information sheet 

2 Has precautionary labeling on the product information for gluten, eggs, lupine, milk (incl. lactose), soy. 

3 Explicitly mentioned that it contains no allergens. 

4 No allergens were mentioned on the product information sheet, labeled as gluten-free. 

5 No allergens were mentioned on the product information sheet, labeled as gluten and milk free. 

6 Is an amino acid-based formula for babies with a severe cow's milk protein allergy or with multiple food allergies, it’s an extensively 

hydrolyzed formula by breaking down completely the present proteins in amino acids. 

 

The DBPCFC series were freshly prepared the day itself (+/- 2 – 4 hours prior start of the challenge) 

(see Table 5- 2 and Figure 5- 1). First, for the verum vehicles, a dilution series was prepared with 

suspended hazelnuts in lukewarm water (+/- 30 °C) (Figure 5- 1). Each dilution was shaken vigorously 

until the hazelnuts were fully suspended prior to preparing the subsequent dilution. Each dilution 

(65 g) was added per portion of powder mix II (= 40.2 g for verum series 5 – 9; see Table 5- 1) or powder 

mix I (= 35.0 g for verum series 1 – 4; see Table 5- 1). To prepare the placebo series, 65 mg lukewarm 

water was added per portion of powder mix I. All the samples were shaken vigorously and set in at 4 °C 

for at least 10 min. Of these preparations, the respective portion sizes were served as listed in Table 

5- 2. Similar portion sizes were served in the placebo series as in the verum series.   
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Table 5- 2. Overview of the DBPCFC verum dilution series. 

INSTRUCTIONS FOR PREPARATION/ PORTION ADDITIONAL INFORMATION  

Portion 

number 

Dilution number 

(65 g) 

Powder mix I (g) Served 

portion size 

(g) 

Dilution factor of 

served hazelnuts  

Hazelnut 

(mg)/portion 

Hazelnut proteins 

(mg)/portion 

Ppm 

(mg/kg) 

hazelnuts 

1 0 35.0 2.50 x 0 0 0 

2 4 35.0 2.50 1/10 0.0370 0.005 14.8 

3 3 35.0 2.50 1/10 0.3704 0.054 148.0 

4 2 35.0 2.50 1/10 3.691 0.535 1476.9 

Portion 

number 

Dilution number 

(65 g) 

Powder mix II (g) Served 

portion size 

(g) 

Dilution factor of 

served hazelnuts 

Hazelnut 

(g)/portion 

Hazelnut proteins 

(mg)/portion 

Ppm (mg/kg) 

hazelnuts 

5 1 40.2 1.34 1/3 0.04 5.37 27721.3 

6 1 40.2 4.01 1/3 0.11 16.11 27721.3 

7 1 40.2 12.02 1/3 0.33 48.33 27721.3 

8 1 40.2 36.07 1/3 1.00 145.00 27721.3 

9 1 40.2 108.22 1 3.00 435.00 27721.3 

 

 

Figure 5- 1. Schematic overview of the dilution series of the hazelnuts suspended in water to develop the verum 

series 1 -4 

5.2.2. Assessment of microbial stability 

To assess the microbial stability of the materials used, the water activity (aw) and microbial constitution 

of both the powder mixes and the rolled hazelnuts were determined. The aw was determined using the 

Benchtop Water Activity Meter (Pullman, WA, USA). Enumerations of Escherichia coli (AFNOR BRD-

07/01-07/93 method), Bacillus cereus (ISO 7932), and detection of Salmonella (ISO 6579) were 

performed in the ISO 17025 accredited lab for food microbiology at the Belgian National Reference 

Lab at Research Institute for Agriculture, Fisheries, and Food (ILVO, Melle, Belgium). 

5.2.3. Assessment of hazelnut allergenicity 

To acquire the first insights regarding the preserved allergenicity of the blanched rolled hazelnuts, a 

basophil activation test (BAT) was performed with three selected hazelnut allergic patients having the 

following allergic reactions: oral allergy syndrome (= OAS), a late-onset of mild urticaria, and a severe 

systemic reaction. Details of the protocol are described in the Appendix 5.1.: BAT protocol. 
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5.2.4. Assessment of hazelnut homogeneity 

UHPLC-MS/MS analysis was performed to confirm the absence of hazelnuts in the powder mixes and 

to confirm homogenous distribution of the hazelnuts in the different verum concentrations. Two 

prepared verum series were sampled and analyzed over two separate time periods. Details of the 

protocol are described in the Appendix 5.2.: UHPLC-MS/MS protocol. 

5.2.5. Sensory testing 

Sensory tests were performed in two main phases to evaluate the blinding of the hazelnuts (panelists 

were all > 20 years). Panelists with food allergies were not included in this test. In phase Ia and Ib, the 

tests were performed in the same sensory evaluation booths, by 30 and 31 panelists, respectively, who 

were used to perform sensory tests. A combination of verum samples containing the highest hazelnut 

concentrations and placebos (three and two samples per panelist in phase Ia and Ib, respectively) were 

given sequentially in different orders. After phase Ia, the test was repeated after minor adjustments 

of the matrices. Between each sample, water and crackers were given. After every tasting, they had to 

answer if the dessert contained hazelnuts or not. If the answer was yes, they had to answer if it was 

by tasting or smelling. In phase II, the same test was performed as in phase Ib, with a consumer’s panel 

(91 panelists). All the tests were analyzed using the Chi2-test with a 95% confidence interval. When 

there was statistically no difference between the answers of the verum and placebo samples, the 

hazelnuts were considered sufficient blinded. Yet, a pilot study must be conducted to confirm this. 

5.2.6. DBPCFC pilot study 

To validate the usability of the matrices in practice, eight DBPCFCs were performed with patients 

having a mild hazelnut allergy as proof of concept (only patients with a Cor a 1 allergy were included 

without a history of severe allergic reactions like an anaphylactic shock). For patient details, see 

Appendix Table A.5- 2. The study was approved by the Ethical Committee of the University Hospital 

(UH) Ghent, and all the patients signed an informed consent prior to the start of the test. Details of the 

protocol are described in Appendix 5.2.5.: DBPCFC protocol. To register the symptoms of the patients, 

an evaluation form was filled in by the responsible dermatologist (see Appendix 5.3.: Evaluation form 

DBPCFC hazelnuts) based on the work of Sampson et al. (2012). 

5.3. Results 

The rolled hazelnuts (protein content: 14.5 % w/w) could be added to the matrices homogeneously 

without leaving visible particulates. The BAT assays resulted in different half maximal effective 

concentration values (EC50) for the different patients. For patients A, B, and C the following EC50 values 

were obtained, respectively: 0.34 µg/mL, 1.6 µg/mL, and 0.32 ng/mL hazelnut proteins (see in 

Appendix Figure A.5- 1). Blood taken from a non-allergic donor gave no activation of the basophils. 
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The aw values of the powder mix and rolled hazelnuts were respectively 0.486 and 0.477. The microbial 

enumerations were for E. coli < 10.0 CFU/g, Salmonella sp. 0/25 g, and Bacillus cereus < 10.0 CFU/g for 

all the analyzed matrices, even after one year of storage at ambient temperatures (20 °C) in the dark. 

In addition, no hazelnuts could be detected in the powder mixes after the sensory tests. In Phase Ia (in 

the sensory lab of ILVO), no significant difference existed between the placebo and verum group (p = 

0.290). No significant differences were found in smell nor taste between the verum and placebo 

samples in the group of panelists who detected hazelnuts (p = 0.286 and 0.102, respectively). In phase 

Ib (in the same sensory lab), 48 % (whereof 40 % guessed) of the panel answered correctly for the 

verum samples and 29 % (whereof 44 % guessed) thought hazelnuts were present in the placebo 

matrices. No significant difference was found between the placebo and verum group (p = 0.096). Also 

for smell and taste, no difference was seen (p = 0.354 and 0.208, respectively). Of the consumer’s 

panel, 30 % (whereof 26 % guessed) and 35 % (whereof 30 % guessed) detected hazelnut in the verum 

and placebo samples respectively, so no significant difference was shown (p = 0.263). Also for smell 

and taste, no difference was seen (p = 0.581 and 0.154). For more details regarding the results of the 

sensorial tests, we refer to the Appendix Table A.5- 1. 

From the UHPLC-MS/MS analysis, a high regression coefficient of r2 = 0.999 was obtained after 

analyzing the different verum series in duplicate, confirming the expected hazelnut presence (see 

Appendix Figure A.5- 2). No hazelnuts were detected in the blank powder mixes. 

The DBPCFC outcomes are summarized in Table 5- 3. During the pilot study, patients 1, 3, and 5 

experienced very mild and subjective allergic symptoms at the highest hazelnut dose. Only patients 2 

and 4 had distinct objective signs when performing the test. Patient 6 had both for placebo and verum 

subjective complaints, with similar symptoms of OAS. Patients 8 and 9 experienced no allergic 

reactions during the test. When results were negative (patients 8 and 9) or questionable (patients 1, 

3, and 5), open provocation tests were done which were all positive. However, these reactions were 

very mild (for patients 3 and 5 e.g. only a mild tingling on the lips or a raw feeling in the throat was 

experienced after consuming 5 raw hazelnuts).
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Table 5- 3. DBPCFC outcomes of the eight patients 

 RESULTS CHALLENGE  
Patient nr. Dose  Signs & symptoms1 Test outcome 

1 

Verum 3 – 9  Very mild tingling on the lips 
+/-; Only mild OAS symptoms; Open 

provocation test needed 

Placebo 1 – 9  - - 

Open provocation: ½ hazelnut Mild tingling on tongue and lips +/- 

2 
Verum  4 – 5  

Tingling of the lips, Pruritus  
Mild urticaria/angioedema of the lips 
(11 min after verum 4) 

+ ; Test is stopped after dose 5 because of 
inconvenient allergic complaints 

Placebo 1 – 9  - - 

3 

Verum 9 Very mild tingling on the lips 
+/-; Only mild OAS symptoms; Open 

provocation test needed 

Placebo 1 – 9  - - 

Open provocation: 5 hazelnuts Raw feeling in the throat + 

4 

Verum 2 – 7  
Verum 8 – 9  

Pruritus, urticaria lesion in the neck 
Sneezing, itchy nose 

+ 

Placebo 1 – 9 - - 

5 

Verum 9 Very mild tingling of the lips 
+/-; Only mild OAS symptoms; Open 
provocation test needed 

Placebo 1 – 9 - - 

Open provocation: 5 hazelnuts Raw feeling in the throat + 

6 

Verum 1 – 9  Very mild tingling of the lips Verum and placebo challenges gave both mild 
OAS symptoms. This could be due to the 
anxiety of the patient during the challenges 
Open provocation test is needed.  

Verum 9 Gastrointestinal: Nausea 

Placebo 1 – 9 Very mild tingling of the lips 
Placebo 9 Gastrointestinal: Nausea  

Open provocation: ½ hazelnut Mild tingling of throat and tongue +/- 

7 

Verum 1 – 9 - - 

Placebo 1 – 9 - - 

Open provocation: ½ hazelnut Mild tingling of throat and tongue +/- 

8 

Verum 1 – 9 - - 

Placebo 1 – 9 - - 

Open provocation: ½ hazelnut Urticaria: discrete blister lower lip +/- 
 

1 Symptoms and signs were assessed according to the standardized clinical parameters checklist described in the work of Sampson et al. 

(2012). OAS symptoms/signs were reported extra. 

+ = positive test because of distinct objective signs during the challenge, +/- = Results are uncertain because of subjective symptoms during 

the challenge, - = no reactions were observed during the challenge
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5.4. Discussion 

The main purpose of this work was the development of a DBPCFC matrix for hazelnuts which had to 

fulfill several criteria like the sufficient masking of the hazelnuts and maintaining as much as possible 

the hazelnut’s allergenicity. Furthermore, easy logistics and preparation, long stability, and sufficient 

palatability of the matrices are required. To include as much as possible different food-allergic patients 

into this test, no other major allergenic food allergens listed in the Regulation (EU) No 1169/2011 were 

used as ingredients during the recipe development. 

In this work, blanched hazelnuts were used because the dark testa is difficult to mask, both visually 

and in taste. For this reason, these were also used in other DBPCFC studies (Vlieg-Boerstra et al., 2011). 

The nuts were kept at 100 °C for 8 min to remove this testa. Reduced allergenicity of the heat-labile 

hazelnut Cor a 1 & 2 allergens was only noticed at >140 °C (Verhoeckx et al., 2015), but not much is 

known concerning the impact of blanching hazelnuts. Minor or no differences in allergenicity were 

seen in other blanched tree nuts (Verhoeckx et al., 2015). For the three patients tested, basophil 

activation was shown, even for the least sensitive patient, presuming a retained allergenic potential of 

the blanched hazelnuts. However, further research should examine the significant impact of blanching 

on the hazelnut‘s allergenicity. 

To limit the potential impact of further processing on the hazelnut allergenicity, a cold matrix 

preparation was chosen. The fat content of the verum and placebo matrices were kept at < 25% of the 

total energy (resp. 13 and 19% of the total energy) so a delayed absorption due to a high-fat content 

will be minimized (Vlieg-Boerstra et al., 2011). The rolled hazelnuts could be mixed into the powder 

without leaving visible particulates. 

The stability of the preparations was assessed by determining the aw values and the microbial 

contamination. The aw value can predict the growth of bacteria, yeast, and molds over time. For the 

hazelnuts and powder mix, these were low enough to inhibit bacterial and mold growth (aw ≥ 0.91 and 

0.8 respectively). In addition, no relevant microbial spoilage was observed by organisms typically 

associated with confectionery-related food products with low water activity, like hazelnuts, after one 

year of storage at room temperature (20 °C), so an easy logistics of both the powder mixes and rolled 

hazelnuts can be guaranteed. 

Instead of the most frequently applied triangle test27, which focuses on differences between matrices 

whatever the attribution of difference is, the sensory test performed in this study was specifically 

adapted for its purpose. Our test was comparable with earlier performed sensory tests for DBPCFC 

                                                           
27 https://www.iso.org/standard/33495.html 
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matrix validation, in which only one placebo and verum sample were offered (González-Mancebo et 

al., 2017; Ronteltap et al., 2004; Vlieg-Boerstra et al., 2011). 

In this test, the samples were offered sequentially instead of simultaneously, as done in the study of 

González-Mancebo et al. (2017). When small differences are not linked to the presence of the 

allergenic ingredient, the samples can be offered sequentially. This represents how a DBPCFC is carried 

out in clinical practice, during which the matrices will be given on separate days. We can conclude that 

considering the followed procedure and the results obtained, the hazelnuts were successfully blinded 

in our developed matrices. Consequently, the newly developed DBPCFC matrices will minimize the 

psychological placebo-effects for the patients and the healthcare professionals. 

As a proof of concept, DBPCFCs with eight patients were conducted in the clinical setting. The dosage 

schedule was a combination of semi-logarithmic and logarithmic increases, as performed in an earlier 

DBPCFC study for hazelnuts (Cochrane et al., 2012), in which similar protein portions were 

administered. This schedule was performed to achieve the top dose with acceptable increments in an 

acceptable period when starting with low-level protein portions. 

The most sensitive patient had already subjective symptoms after the first dose and developed 

objective signs after the second hazelnut dose (corresponding to 5 and 54 µg of hazelnut proteins, 

respectively). These findings were comparable with those found earlier, in which 30 µg of hazelnut 

proteins was the lowest eliciting dose (Cochrane et al., 2012). However, other factors, which were not 

included in this study, like exercise, alcohol consumption, asthma, and anxiety might exacerbate the 

allergic reactions, so follow-up studies are necessary (Hourihane et al., 2005). Furthermore, the 

challenges were performed during September - November, and pollen-related food allergies can be 

worse during and just after pollen season (for birch pollen: +/- middle of March until the middle of 

May) (Skamstrup Hansen et al., 2001). Different explanations could reason the absence of allergic 

symptoms for the two negative responders, like possible matrix/processing effects, too low doses of 

hazelnuts, and the removing of the testa. Open provocation tests are therefore of utmost importance 

at the end of the test. However, psychological effects cannot be excluded then. Since patients with 

anaphylaxis and children were excluded from this DBPCFC study, more research should be conducted 

including younger and more severe allergic patients. During the challenges of this work, the patients 

nor health care professionals could discover the verum series. Most of the patients found the desserts 

easy to consume. 

To conclude, this study reports the production and evaluation of a DBPCFC matrix for raw hazelnuts at 

low-level, in a format that allows easy logistics, preparation, and implementation in the common 

clinical setting.  
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Abstract  

The double-blind, placebo-controlled food challenge (DBPCFC) is still considered to be the gold 

standard in food allergy diagnosis. This test is however not common practice in routine due to several 

practical limitations, especially for non-IgE mediated food allergies with its typical delayed food allergic 

reactions. The aim of this study was to develop and evaluate DBPCFC matrices for the diagnosis of milk 

and egg allergies which can be applied at home for the diagnosis of delayed food allergic reactions. 

The main focus was the blinding of milk and raw egg and the development of matrices which can be 

prepared and consumed conveniently at home with a sufficiently long shelf life (+/- six months or 

longer). A sensory test evaluated the blinding of the egg and milk in the matrices. The microbiological 

analysis confirmed the safety and stability of the developed matrices. To assess the applicability of the 

matrices, a pilot DBPCFC study for milk was conducted including seven patients. Sensorial tests 

confirmed that the masking of the allergenic ingredients was sufficient. Microbial safety and stability 

of the matrices were confirmed up to six months of storage at ambient temperatures in the dark. The 

DBPCFCs for milk showed different outcomes and proved its applicability for its use at home. 

Trial registration 

EC Project number: EC/2015/0782; Date of registration: 17 AUG 2015; End date: 01 FEB 2017 
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6.1. Introduction 

Egg and milk allergy are among the most common food allergies occurring in infants and young 

children, with global estimated prevalences of 0.5 to 2.5 % and 2 to 3 % in young children, respectively 

(Lifschitz & Szajewska, 2015; Tan & Joshi, 2014). Egg and milk allergy are usually outgrown during 

childhood but might be persistent during adolescence or adulthood (Tan & Joshi, 2014; Wood et al., 

2013). Both allergies are defined as immunologically mediated adverse reactions induced by specific 

allergenic proteins. Reactions of both allergies might be either IgE-, non-IgE mediated, or mixed, 

whereof the IgE-mediated allergy is the most common (Lifschitz & Szajewska, 2015; Tan & Joshi, 2014). 

For IgE-mediated allergies, serum-specific IgE and skin prick testing are frequently used for diagnosis. 

However, both methods cannot predict the severity of an allergic reaction, they merely indicate 

sensitization. For the non-IgE-mediated food allergies, no validated diagnostic methods apart from 

exclusion-provocation tests are available. This type of food allergy encompasses a wide range of signs 

and symptoms, like atopic dermatitis, gastrointestinal disorders, celiac disease, and lung disorders. 

Thus with its diverse, subjective, and non-specific manifestations of symptoms, the diagnosis is not 

straightforward (Nowak-Węgrzyn et al., 2015). 

Nevertheless, a correct and reliable allergy diagnosis is of utmost importance, because prevention of 

allergic reactions relies on the avoidance of the allergenic ingredient. This elimination diet has a 

significant impact on the quality of life (Cerecedo et al., 2014). Furthermore, it has been noticed that 

parentally perceived adverse reactions might lead to allergen-free diets without an appropriate 

diagnosis. The potential overestimation of the role of the allergenic ingredients (e.g. milk) as the cause 

of particular symptoms experienced by their children can lead to unnecessary, yet often radical diet 

restrictions given the omnipresence of egg and milk in food products (Dambacher et al., 2013). As 

reported in a systematic review in 2014, the self-reported prevalences of cow’s milk and egg allergy 

were 6 and 2.5 %, whereas the prevalences of food challenge-defined allergies were 0.6 and 0.2 %, 

respectively (Nwaru et al., 2014). 

Since non-IgE mediated allergic symptoms are most often characterized by delayed allergic reactions, 

which occur between 4 and 48 hours after consumption, only an elimination diet with an at home 

reintroduction (e.g. by an oral food challenge) can confirm its possible presence. The oral food 

challenge provides also more insight into the severity and resolution of the particular allergy. 

Furthermore, a negative test outcome, followed by an open exposure of the particular allergenic 

ingredient, helps to reduce the anxiety concerning this allergenic ingredient and confirms that 

avoidance is not needed. This leads to an improved variation in the patients’ diet and as such, enhances 

their quality of life (Cerecedo et al., 2014). 
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Of the oral food challenges, the DBPCFC is considered to be the gold standard in food allergy diagnosis. 

The blinding of the allergenic ingredients will minimize the potential psychological placebo effects for 

the patients and the healthcare professionals (Cerecedo et al., 2014). Due to practical limitations (e.g. 

time-consuming and burdensome procedure), the DBPCFCs are not performed routinely and more 

often open food challenges are performed. Most DBPCFC studies to diagnose IgE-mediated food 

allergies are conducted in clinical settings, where emergency care is available promptly and effectively 

when a severe allergic reaction occurs. Nevertheless, only a few DBPCFC studies to diagnose late-onset 

reactions due to non-IgE-mediated reactions have been conducted at the patients’ home for a longer 

period. Also, no standardized protocol exists despite numerous efforts. Though, this standardization is 

needed to facilitate its use and allows the comparison of results obtained from different clinical centers 

(Bindslev-Jensen et al., 2004; Sampson et al., 2012). 

Although several recipes have been developed in earlier studies for milk and egg (Vlieg-Boerstra et al., 

2004; Vlieg-Boerstra et al., 2011; González-Mancebo et al., 2017), validated matrices are needed which 

are easy to prepare at home and available for consumption during longer periods (+/- two weeks or 

more) to monitor late-onset reactions. For milk, some studies report the use of hydrolyzed infant 

formulas (Vlieg-Boerstra et al., 2004; Vlieg-Boerstra et al., 2011), which are convenient to prepare in a 

standardized way at home. However, these are often disliked by older children and especially by adults, 

who are not used to these formulas. For egg, no validated matrices are reported yet containing the full 

egg (egg white and yolk) which are convenient to prepare at home. For instance, in the study of 

Gonzalez-Mancebo et al. (2017), only the egg white was used as allergenic ingredient. 

In this study, the focus was laid on the development and evaluation of DBPCFC matrices for the 

diagnosis of milk and egg allergies, which can be prepared conveniently at home without the patients 

being able to unblind these preparations (and if children perform this test, also not by the parents who 

prepare the matrices). Furthermore, they must be appreciated by both the adults and children. Several 

criteria such as the blinding of the allergenic ingredients, taste, and microbial stability were also taken 

into account. Finally, no other major allergens, which are listed in the Regulation (EU) No 1169/2011, 

were present in the matrices as ingredient. As proof of concept, milk DBPCFCs were performed at 

home by selected adults and children.  
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6.2. Materials and methods 

6.2.1. Preparation of the DBPCFC powder mix 

Shelled raw eggs (Hulstaert & Co NV., Sint-Niklaas, Belgium) and semi-skimmed, lactose-free milk 

(Dilea Zero Lactose, Lillois Witterzée, Belgium) were freeze-dried (Epsilon 2-10 D LSC, Martin Christ, 

Osterode am Harz, Germany), vacuum packed, and stored in the dark. The protein content was 

determined using Kjeldahl analysis (according to ISO8968-2, conversion factor milk = 6.38 and 

egg = 6.25). The placebo and verum powder mix were developed as presented in Table 6- 1. The 

ingredients were purchased from local stores. The developed powders were kept in pots with screw 

caps at ambient temperatures in the dark (Gosselin, Deurne, Belgium). 

Table 6- 1. Ingredients used for the DBPCFC matrices for milk and egg 

  MILK EGG 

Product Brand 
Placebo 

(g/portion) 
Verum (g/portion) 

Placebo 
(g/portion) 

Verum (g/portion) 

Vanilla sugar1 Imperial 8,00 8,00 8,00 8,00 

Brown sugar1 Candico 3,00 2,40 3,00 2,50 

Stevia1 Pure Via 6,50 5,82 4,90 5,2 

Cacao 100%1 Callebaut 12,00 13,00 11,00 11,00 

Cold thickener (Quelli)2 Dawn 1,40 1,10 1,75 1,40 

Sunflower Lecithin Sun 400 organic3  Lecico 0,30 0,30 0,30 0,30 

Vanilla aroma3  Dawn 0,46 0,34 0,50 0,38 

Caramel syrup1 Funcakes 1,34 1,30 1,10 1,20 

Rice flakes Vanille1 Olvarit 2,20 2,50 2,50 3,00 

Nutramigen AA4 Mead Johnson 3,40 5,50 0,00 0,00 

Milk Dilea Zero Lactose 0,00 5,00* x x 

Egg Hulstaert en Cie nv x x 0,00 3,41**  

Water x 60,00 60,00 65,00 65,00 

TOTAL VOLUME FULL PORTION  105,3 98,1 101,4 98,6 

TOTAL VOLUME ½ PORTION  52,6 49,0 50,7 49,3 
 

1 No allergens were mentioned on the product information sheet 

2 Has precautionary labeling on the product information for most of the major allergens 

3 Explicitly mentioned that it contains no allergens 

4 Is an amino acid based formula for babies with a severe cow's milk protein allergy or with multiple food allergies, it’s an extensively 

hydrolyzed formula by breaking down completely the present proteins in amino acids. 

* 5,00 g milk powder = eq. 1.85 g proteins/portion = eq. +/- 80 mL milk 

** 3,41 egg powder = eq. 1.59 g proteins/portion; = eq. ¼ whole egg
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6.2.2. Microbial stability 

Enumerations of Escherichia coli (AFNOR BRD-07/01-07/93 method), Bacillus cereus (ISO 7932), and 

detection of Salmonella (ISO 6579) were performed in the ISO 17025 accredited lab for food 

microbiology at the Belgian National Reference Lab at Research Institute for Agriculture, Fisheries, and 

Food (ILVO, Melle, Belgium) for all the developed powder mixes. The water activity (aw) was tested 

using the Benchtop Water Activity Meter (Pullman, WA, USA) to predict the microbial stability. 

6.2.3. Sensory testing 

In phase I, a preliminary sensory test was conducted, for milk only, in sensory evaluation booths with 

31 panelists who were already used to perform sensory tests in general. The main focus was the 

assessment of the taste and blinding of the milk, prior to further optimization of the matrices and 

larger scale sensory tests for both milk and egg. Three desserts were given sequentially in different 

orders (at random combination of verum and placebo matrices). The panelist knew in advance that 

both the placebo and verum matrices would be given at random. Between each sample, water and 

crackers were given. After every tasting, they had to answer if the dessert contained milk or not, and 

if this was a guess. If the allergenic ingredient was detected, they also had to answer if this was by 

tasting and/or smelling. The data was collected using FIZZ Biosystems software (Couternon, France). 

In phase II, all the matrices (milk and egg) were evaluated with a consumer panel (90 panelists). The 

same protocol was performed as in phase I, with two samples: a placebo and verum sample were given 

separately, in different randomized orders. After every tasting, they had to answer the same questions 

as in phase I. Between the samples, also water and crackers were given. 

All the tests were analyzed using the Chi2-test with a 95 % confidence interval. When there was 

statistically no difference between the answers obtained with the verum and placebo samples, the 

milk and egg were considered sufficiently blinded in the powder mixes. Panelists with food allergies 

were not allowed to participate. 

6.2.4. DBPCFC protocol 

As proof of concept, seven patients were carefully selected to perform the milk DBPCFCs with (see 

Table 6- 3 for the clinical parameters of the patients). These were patients with a diverse range of 

complaints (abdominal pains, eczema, etc.), from which the cause is not known yet, who wanted to 

exclude or confirm a possible non-IgE mediated milk allergy. All the patients were devoid of an IgE-

mediated milk allergy and anaphylactic signs nor symptoms. 

The patients had to exclude the allergenic ingredients for a minimum of two weeks prior to the start 

of the test and had to keep this diet throughout the whole test period. The study was approved by the 
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Ethical Committee of the University Hospital (UH) Ghent, and all the patients signed an informed 

consent prior to the start of the test. 

The patients received the placebo and verum DBPCFC series for milk at random order whereof each 

series contained fourteen portions (seven half and seven full portions), which is a portion per day for 

two weeks per series (see Figure 6- 1). The first week, the half portions had to be consumed and the 

second week the full portions. However, the patients (or parents of the patients) could stop the test 

whenever the test started to be uncomfortable. Between each series, a pause was established 

dependent on the severity of the symptoms/sign of the first series (+/- one week). 

  

Figure 6- 1. Schematic overview of the DBPCFC protocol. Two different series (placebo or verum) will be 

administered at two periods. The code of the series will be unknown for both the dietician/physician and the 

patients during the challenges. 

The portions had to be prepared at home, meaning that only a specific amount of water had to be 

added to the powder mixes. Clear instructions were given how to prepare the matrices in an 

informative booklet provided together with the matrices (see Appendix 6.1.: Evaluation form DBPCFC 

milk and egg). The portions must be shaken vigorously and set in at 4 °C for at least one hour prior 

consumption. The freshly prepared portions had to be consumed the day itself. 

All patients were advised by a trained and experienced dietitian on the content of a strict exclusion 

diet which was maintained throughout the trial. This advice consisted of a consultation, where a 

written information booklet of the diet was explained, and given to the parents/patients. No new food 

items were introduced during the trial. During the challenges, the patients (or parents) had to fill in an 

evaluation booklet to report the observed signs and symptoms (type and number of times of stool, 

eczema, abdominal pain, vomiting, and any other additional complaints). Besides the symptoms, the 

participants also had to register each day how much they had consumed of each portion (see Appendix 

6.1.: Evaluation form DBPCFC milk and egg). 

  



Chapter 6 

158 
 

6.3. Results 

6.3.1. Characterization of the DBPCFC matrices 

The final recipe of a cocoa powder mix is presented Table 6- 1. The freeze-dried milk (protein content: 

37.01 %) and egg (protein content: 46.7 %) could be mixed homogeneously into the cacao powder 

without leaving visible particulates. 

The aw values for the milk and egg placebo, as well as for the milk and egg verum powder mixes were 

respectively: 0.474, 0.498, 0.465 and 0.450. Microbial counts of the same powder mixes were done 

just after preparation and six months after storage at ambient temperatures in the dark. Also, the 

freeze-dried milk and egg were separately analyzed. For all the tests, the results were for E. coli < 10.0 

cfu/g, Salmonella sp. 0/25 g, and Bacillus cereus < 10.0 cfu/g even after six months storage in the dark 

at ambient temperature. 

6.3.2. Sensory test 

In the preliminary test results with milk (phase I), no significant difference was observed between the 

placebo and verum samples (p-value = 0.397, see Table 6- 2). Of the 31 panelists, 35 % and 42 % 

thought (whereof 46  % and 39  % guessed, respectively ) milk was present in the verum and placebo 

samples, respectively. In the group of panelists who detected milk in the verum and placebo samples, 

also no significant differences were shown in smell and taste (p-values = 0.410 & 0.585, respectively). 

Since most of the panelists appreciated the matrices and the milk was sufficiently blinded, a sensory 

test with a greater panel (90 panelists; phase II) was conducted for milk and egg. Since the matrices 

for egg were similar to those for milk and based on the results of phase I for milk, we decided to take 

the egg matrices directly to phase II of the sensorial tests. In phase II (see Table 6- 2), 63 % (41 % 

guessed) and 47 % (47 % guessed) thought that milk and egg were present in the verum samples, 

respectively. For the placebo samples, 48 % and 39 % (whereof 43% and 40 % guessed, respectively) 

thought that milk and egg were present. No significant difference existed between the placebo and 

verum samples (p-values = 0.271 and 0.183 for milk and egg, respectively). Of the panelists who 

detected milk and egg in the verum and placebo samples, also no significant differences were seen 

between the verum and placebo samples (smell and taste for milk and taste for egg: p-values of 0.190, 

0.320 and 0.248, respectively). Only for the smell of egg, a significant difference was seen (p-value = 

0.042). 
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Table 6- 2. Sensory test results 

 
* Total number (row) * total number (column) / total numbers = the expected counts are the projected frequencies in each cell if the null 

hypothesis is true (H0 = no statistically different frequencies in detecting the allergens in the verum and placebo series). 

6.3.3. DBPCFC results 

Two of the seven patients (patients 4 and 5, Table 6- 3) experienced both clear subjective and objective 

complaints during the verum challenges which were absent during the placebo series. Patient 4 

experienced abdominal pain, diarrhea, vaginal secretion, and headache during the verum series. 

Patient 5 had an itchy pubic area, urticarial, and itchy neck region, headache, and swollen eyes. For 

the other patients, no distinct differences were seen between the verum and placebo series. Most of 

the patients found the portions tasteful to consume. For two children (patients 2 and 3), the portions 

were more difficult to consume and were not finished completely due to dislike.

   
PHASE I milk PHASE II milk PHASE II egg 

 
MATRIX  TASTING TOTAL TASTING TOTAL TASTING TOTAL 

   

Detect 

milk 

Did not 

detect milk  

Detect 

milk 

Did not 

detect milk  Detect egg 

Did not 

detect egg  

DESSERT VERUM Count 11 20 31 57 33 90 42 48 90 

  

Expected 

Count* 12 19 31 54,5 35,5 90 38,5 51,5 90 

 PLACEBO Count 13 18 31 52 38 90 35 55 90 

  

Expected 

Count* 12 19 31 54,5 35,5 90 38,5 51,5 90 

TOTAL  Count 24 38 62 109 71 180 77 103 180 



 

 
 

Table 6- 3. DBPCFC results of the different patients 

 

Pos. = Positive test outcome for milk, neg. = negative test outcome for milk 

Patient Nr. Age Gender Symptoms/signs Series Duration of the test Additional comments Test outcome 

1 2 M Abdominal pain and constipation in both series 
1: verum  Complete   

neg. 
2: placebo Complete  More complaints during series 2 

2 2,5 F Eczema, nausea, diarrhea in both series 

1: verum  Week 1 + Day 1 of week 2 
Since the test, milk has been introduced 

back in the diet without exacerbation 
neg. 2: placebo Day 1-4 and 6-7 of week 1 

Week 2 

3 2,5 F Eczema chin & eyes and fatigue present in both series 

1: placebo Complete   

neg. 2: verum Week 1 + Day 1 week 2 (day 2 and 6 only 

3 small spoons) 

 

4 8 F 

Severe abdominal pain, diarrhea, vaginal secretion, 

headache, pale (day 1 → 14) 

1: verum  Complete   
pos. 

No complaints (day 1 → 14) 2: placebo  Complete    

5 39 F 

Itchy pubic area (day 1 → 14), urticarial & itchy neck 

region (day 6 → 14), headache (day 7), swollen eyes (day 

9) 

1: verum Week 1 + Day 1 of week 2 (due to 

complaints) 

 

pos. 
Small dots in the neck, itchy pubic area 2: placebo Complete  Remaining diminishing complaints of 

series 1 due to too short pause 

between series (< 1 week) 

6 35 F No complaints in both series 

1: placebo Complete   

neg. 2: verum Complete   

7 6 F Abdominal pain, nausea 
1: verum  Complete  

No difference in complaints between 

both periods 
neg. 

2: placebo Complete  



Chapter 6 

161 
 

6.4. Discussion 

In this work, recipes for DBPCFC matrices suitable to blind milk and egg were developed, while taken 

into account different criteria. 

The total milk and egg proteins consumed per full portion (1.85 g and 1.59 g proteins, respectively) 

were somewhat lower than those described in the work of Vlieg-Boerstra BJ et al. (2011) (2.8 g and 

4.0 g proteins, respectively), where the focus was laid on the achievement of high top doses of 

allergens in DBPCFC matrices. For egg, this difference was higher, however, in this latter study, the 

eggs were baked at 150 °C for 30 min, which reduces significantly the allergenicity of egg. Also, the 

recipe with egg was not suitable for DBPCFCs in young children because of the texture and total test 

volume. In our work, however, raw eggs were applied and the matrices will be applicable for younger 

children. For the protein portions of this study, a compromise had to be made between the total 

amount of the allergenic ingredient and the possibility to mask this ingredient. It is important to use 

recipes guaranteed for adequate blinding since unblinding can have an effect on the test outcome of 

the diagnosis. 

A cold dessert was developed to minimize further processing steps which are able to alter the 

allergenicity of the food allergenic ingredients. The milk was lactose-free, so test results cannot be 

confused with malabsorption lactose intolerance (Walsh et al., 2016). Furthermore, both the casein 

and the whey proteins must be present since both can elicit food allergic reactions (Lam et al., 2008). 

UHT-milk was chosen because unprocessed milk consumption is rare in developed countries, especially 

when used in food products (Verhoeckx et al., 2015). The milk is hereby mostly heated, whereof UHT 

processing dominates in Europe. This process destroys both spores and pathogens, but minimizes 

Maillard reactions and maintains the color and taste of the milk maximally (Verhoeckx et al., 2015). 

However, not much research has been conducted concerning the impact of UHT processing on the milk 

allergenicity and this should be further investigated (Verhoeckx et al., 2015). 

In egg, most of the allergenic proteins are present in the egg white in comparison to the egg yolk (Lam 

et al., 2008). Still, both fractions must be present during this study instead of using only the egg white. 

However, since also allergens are present in the egg yolk, this fraction of the egg must also be included 

in this test. Nevertheless, most of the times only the egg white is used (Gonzalez-Mancebo et al., 2017). 

Since egg allergens are very prone to modification through processing, this work used raw freeze-dried 

egg powder, to guarantee maximal allergenicity. Although eggs are mostly used in heated and 

processed food materials (cookies, pancakes, etc.), few products use minimally heated or raw eggs 

such as freshly prepared mayonnaise and chocolate mousse (Verhoeckx et al., 2015). As shown earlier 
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(Ando et al., 208), no effects of freeze-drying on the allergenicity of the eggs could be seen, however, 

further research should examine this with egg white and yolk. 

Furthermore, it is important to exclude other major allergens. For example, in the study of Gonzalez-

Mancebo et al. (2017), soy was included in the milk matrices. Also in ProtifarPLUS, which has been used 

in earlier DBPCFC studies as milk ingredient (Vlieg-Boerstra et al., 2004; Vlieg-Boerstra et al., 2011), 

soy lecithin is used as an emulsifier. However, up to 14 and 60% of the patients with IgE-mediated and 

non-IgE-mediated cow’s milk allergy respectively, might also react to soy (Walsh et al., 2008). This work 

used only ingredients which are not listed in Regulation (EU) No 1169/2011. Only the cold thickener 

(waxy maize product) has a precautionary labeling for most of the major food allergens. Due to the 

small amount added to our powder, possible trace amounts will not influence the test results, because 

severe allergic IgE-patients were excluded from this test. To include more severe allergic patients to 

this test, appropriate validation of this thickener should be done to exclude possible traces of relevant 

food allergens. 

To assess the microbial stability, the aw values of the powder mixes were determined to predict the 

growth of bacteria, yeast, and molds over time. All were low enough to inhibit bacterial and mold 

growth for at least six months at ambient temperatures (resp. aw ≥ 0.91 and 0.8) (Cochrane et al., 

2012). Furthermore, no E. coli, Salmonella sp., and Bacillus cereus species could be detected which are 

typical harmful microbial contaminants of milk, egg products, and confectionary products with low 

water activity (Beuchat et al., 2013; Hoorfar, 2011). This allows convenient logistics of the matrices 

because the powder mixes are stable enough to store and distribute at ambient temperatures. 

The sensory test performed during this work was differently performed than the typical triangle test. 

During the triangle test, three samples are given at the same moment whereof one sample is different. 

The objective is to discover whether a difference exists between two samples, no matter the 

attribution of difference (Vlieg-Boerstra et al., 2011). This test is commonly applied during sensory 

tests of DBPCFC studies(Cochrane et al., 2012; Gonzalez-Mancebo et al., 2017; Vlieg-Boerstra et al., 

2011). However, the detection of differences during this test will not directly indicate the detection of 

the allergenic ingredient in the food matrix (Gonzalez-Mancebo et al., 2017). Since the placebo and 

verum samples will be given on separate days during the DBPCFC test, it seemed appropriate to offer 

the samples sequentially during the taste trials separated by a few minutes without invalidating the 

test results (Gonzalez-Mancebo et al., 2017). Hence, our work focused mainly on the recognition of 

the allergenic ingredient in the matrix, so the panelists had to answer after every tasting if the 

allergenic ingredient was present or not. From the results, no significant differences could be observed. 

Only for egg, a small difference was seen between the panelists who detected eggs in both the verum 
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and placebo matrices. However the number of panelists who smelled egg was extremely low (ten 

panelists smelled egg in verum and three in placebo samples), so this test lacks a statistically genuine 

effect. However, this difference must be followed up when performing challenge studies with the egg 

matrices. 

Yet, the probability of detecting the allergenic ingredient while consuming the matrices for a longer 

period could be higher. Therefore this aspect has to be further evaluated in real DBPCFC situations, 

which is not commonly done during DBPCFC matrix validation studies. 

DBPCFCs at home were conducted with the milk matrices as proof of concept. However, it must be 

mentioned that home reintroduction/challenges may not be acceptable in patients with severe forms 

of non-IgE- mediated food allergy (Sampson et al., 2012). During our work, the patients’ allergic history 

was well determined by the physician (no anaphylactic reactions, no indications for IgE-mediated 

allergies, reported sign and symptoms, etc.) before starting the at home challenges. In any case of 

severe reaction, the test must be stopped. For example, food protein-induced enterocolitis syndrome 

(FPIES) is a non-IgE mediated food allergy characterized by delayed vomiting in infants. This food 

allergy can be classified into acute and chronic FPIES. Acute reactions are associated with acute, and 

delayed, repetitive vomiting soon after ingestion, while the chronic is associated with more chronic or 

intermittent vomiting after repeated exposure of the allergens. For severe, acute FPIES, these matrices 

cannot be used at home, but only in a clinical context since peripheral intravenous access is suggested, 

particularly in patients with a history of severe reactions, emergency department treatment, or 

hospitalization (Leonard et al., 2018; Nowak-Węgrzyn et al., 2017; Mehr et al., 2017; Ruffner et al., 

2013). For mild chronic FPIES reaction, our matrices are well suited at home since the repeated 

exposure of allergens can then be performed. 

Two patients with a positive test outcome showed different symptoms after consuming the verum 

samples, which were absent during the placebo series (see Table 6- 3). When the test outcomes were 

negative, milk could be reintroduced into the diet. For the patients who did not react, this test reduced 

their anxiety concerning milk. For the patients or parents of the children who did not react, this test is 

able to reduce their anxiety concerning eating milk or feeding milk to their children, respectively. 

However, it is possible that the patients may have a reaction to larger amounts of the allergenic 

ingredient, so follow up examination of the patients will still be necessary (e.g. when reintroducing the 

allergenic ingredient into the diet). For patient 2 for example, no exacerbation was noticed when the 

milk was reintroduced into the diet. 

Two children could not finish the total series, due to dislike. It is difficult however to persuade these 

young children to continue the DBPCFC, who are not able to understand fully the purpose of the test. 
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This should be taken into account when interpreting the results, especially when the verum series were 

not consumed completely. As mentioned in by Vlieg-Boerstra et al. (2011), more recipes should be 

validated properly to cover all age groups and all allergenic foods to also meet the preferences of fussy 

eaters. During the sensory test, the appreciation of the matrices can be assessed, but pilot studies with 

patients should be conducted in parallel when consuming these matrices for a longer period at home. 

This is however not performed routinely in literature when validating novel recipes. Both the adult 

patients (patients 5 and 6) appreciated the matrices and could not decipher the verum from the 

placebo series. The results of the first DBPCFC tests performed with the newly developed matrices 

confirm that these are safe and easy to use in practice, both for children and adults. However, for 

toddlers, it might be difficult to consume the same portions two periods for two weeks, so enough 

time between two series can be suggested. The use of an easy to fill in evaluation booklet gave the 

patients the opportunity to register the symptoms and signs they showed during their challenge 

periods in an easy but detailed way. In the future, however, this could be facilitated by a dedicated, 

user-friendly app that allows the use of electronic media to register the observed reactions (e.g. 

smartphone app). 

Finally, we like to address that these matrices can be further implemented to determine IgE-mediated 

milk- and egg allergies. These challenges must be performed in a clinical setting, and not at home since 

more severe allergic reactions are associated with IgE-mediated allergies (Sampson et al., 2012). 

However, dilution series have to be made to obtain low-level allergen DBPCFC matrices, which are 

required to identify the threshold levels of the allergenic ingredient and assure the safety of the 

diagnosis method. Validation of the concentrations of the allergenic ingredient in the verum dilutions 

series will result in a DBPCFC matrix suitable for the diagnosis of IgE-mediated food allergic reactions, 

as has been described in the work of Cochrane et al. (2012) and Vandekerckhove et al. (2018). 

6.5. Conclusion 

In conclusion, this work describes the development and evaluation of novel recipes for DBPCFC 

matrices for milk and egg. Since non-IgE-mediated food allergies are accompanied by delayed food 

allergic reactions, oral challenges for diagnosis are most often conducted at the homes of the patients 

with suspected food allergy. Therefore, matrices which allow convenient logistics (stored at ambient 

temperatures, easy preparation) were developed, to facilitate the distribution to clinical centers and 

the use of these matrices at home. Attention was paid that no other major food allergens were present 

as ingredient, to exclude other food allergic reactions. Through sensory validation, the blinding of the 

allergenic ingredients could be assessed. A pilot study was conducted with seven patients, to gain more 

insight into the applicability and endurance of consuming these matrices for a longer period. None of 

the patients could tell which were the allergenic verum series. However, more clinical data is needed 
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since two young children could not finish the matrices and challenges with egg were not yet conducted. 

Negative outcomes provided the respective patients the opportunities to introduce the milk back into 

the diet.  
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Chapter 7 

Discussion and general considerations  

In this dissertation, the development of an appropriate food allergy management strategy was 

thoroughly discussed in Chapter 2. During the experimental part, the main focus was laid on two 

aspects that encompass an appropriate food allergy management: food allergen detection in PART I 

and food allergy diagnosis in PART II. In PART I, the development and evaluation of ultra-high 

performance liquid chromatography mass spectrometry (UHPLC-MS/MS) methods were described. In 

PART II, the development and evaluation of double-blind, placebo-controlled food challenge (DBPCFC) 

matrices have been addressed. In this new chapter, both aspects will be discussed in two different 

parts. 

PART I: Food allergen detection – UHPLC-MS/MS 

7.1. General summary 

The aim of PART I was to facilitate the detection of food allergens by using UHPLC-MS/MS multiple 

reaction monitoring (MRM). As addressed in Chapter 2 section 2.6 Food allergen detection methods, 

food allergen analysis is a central factor for the implementation and monitoring of appropriate food 

allergen risk assessment and management processes. However, the current methods for 

determination of allergens in foods give highly variable results (Gu et al., 2018; Johnson et al., 2014; 

Nitride et al., 2018). Although immuno-based methods are the method of choice for in-factory testing 

(e.g. enzyme-linked immunosorbent assay - ELISA - and dipstick tests), UHPLC-MS/MS has the potential 

to function as the standard in-laboratory confirmation method. As addressed in Chapter 2 section 

2.6.2.3 UHPLC-MS(/MS), this method has the ability to multiplex and overcome antibody-based 

limitations like the hampered antibody-antigen binding due to matrix and processing interferences. 

MRM-based UHPLC-MS/MS methods are mostly applied in the area of food allergen detection since 

these methods have the potential to achieve high sensitivities and specificities in complex food 

matrices (see section 2.6.2.3 UHPLC-MS(/MS)). In Chapters 3a and 4a, MRM methods were developed 

to detect traces of (pea)nut allergens in several food matrices (respectively wheat flour and chili 

peppers). Subsequently, a short summary of the different chapters of PART I will be given below. 

In Chapter 3a, an MRM method was conducted to detect traces of nut allergens in incurred wheat 

flour matrices. At the start of this study, not much research had yet been conducted regarding the 

detection of multiple allergens using MRM. However, the need for high-throughput 
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screening/confirmatory multiplex methods for food allergens is highly requested by the food industry 

and food control instances. This can be illustrated by the speed of publications and the volumes of new 

articles arisen the latest years concerning this particular topic (Boo et al., 2018; Fæste et al.,2011; 

Monaci et al., 2018, New et al., 2018; Planque et al., 2019). As addressed during the Objective of this 

PhD dissertation, nut allergens were chosen as targets because they are considered the major causes 

of food allergy in Europe. In short, the developed MRM method for almond, cashew, hazelnut, Brazil 

nut, pistachio, walnut, and peanut, achieved detection limits between 2 (0.4) and 31 (6.6) mg total 

allergenic ingredient /kg (mg total protein/kg) in wheat flour, robust reproducibilities (RsDR < 30 %), 

and moderate to high regression coefficients (r2 < 0.980). These LOD values were comparable to other 

publications covering the same topic (see Chapter 3a). For example, in the recent study of Pilolli, De 

Angelis, Monaci (2018), for skimmed milk, whole egg, soy flour, ground hazelnut, and ground peanut, 

LOD values were obtained between 17 – 100 mg whole allergenic ingredient /kg. Thus far, in 

Chapter 3a, only incurred wheat matrices were evaluated. However, in practice, MRM measurements 

are prone to matrix interferences and food processing effects (see Chapter 2 sections 2.6.2.3 UHPLC-

MS(/MS) and 7.3 Food processing and matrix effects). Therefore, in Chapter 3b, additional data was 

generated to evaluate the matrix effects of the developed MRM method on the detection of the trace 

nuts in a more processed food matrix, namely roasted cookies. Preliminary results showed the 

applicability of the MRM method for all the nuts in these cookie matrices. However, when quantifying 

the nut allergens using the incurred flour dilution series, recoveries range from 45 to 156 %, 

highlighting the need for matrix-matched standard curves (see section 7.7 Food allergen 

quantification). Subsequently, a complete validation study is still necessary for the detection of these 

nuts in different matrices and processing states (see section 7.9 Validation of the food allergen 

UHPLC-MS detection methods). Despite the need for further investigation towards reliable 

quantification, this research presents a method to detect roasted almond, hazelnut, Brazil nut, cashew, 

peanut, pecan, pistachio, and walnut in incurred wheat flour matrices with LOD levels comparable to 

the VITAL 2.0 action levels for a portion size of 50 g. 

In Chapter 4a, an MRM method was developed to detect traces of peanuts in chili pepper samples. In 

2014 namely, undeclared peanuts and almonds were detected in cumin samples using commercial 

ELISA methods, causing a cascade of food allergen controls in similar spices such as chili pepper spices 

(Garber et al., 2016; Taylor, Baumert & Wijeratne, 2015). This brought up the following question by 

food control agencies, “how well do the different food allergen detection methods perform in spices?". 

The lack of validated detection methods specific for spices makes it difficult to evaluate the trueness 

of the detection of allergens at trace levels and to evaluate different allergen detection methods. As 

mentioned above, MRM-based UHPLC-MS/MS methods are currently the method of choice to function 
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as the standard confirmatory method. However, since the developed MRM method described in 

Chapter 3a could not perform with sufficient sensitivity in chili pepper spices, this method was further 

adapted for this particular matrix. As was mentioned in Chapter 4a namely, the chili peppers are known 

as a source of phenolic compounds, which can hamper the extractability and detectability of the 

proteins by reversible and irreversible protein interactions (Carpentier et al., 2005). After optimization, 

final sensitivities were obtained between 2.9 and 6.3 mg total peanut protein/kg in chili pepper for 

four peanut specific precursor-fragment peptide transitions. The best-performing peptide (peptide 2, 

see Chapter 4a Table 4a- 2) obtained an RsDR of 12 % and a moderate regression coefficient (r2 =0.985). 

However, the main question ”how well do different allergen detection methods perform in this 

particular matrix” was still not answered. Therefore, in Chapter 4b, we conducted a comparison study 

among the different most used peanut detection methods to gain the first insights regarding their 

performances. A commercial ELISA, a commercial real-time polymerase chain reaction (qPCR) method, 

and the in-house developed MRM method were evaluated. During this study, the ELISA method 

obtained the highest sensitivity. Nevertheless, MRM still represents a true alternative to antibody-

based methods routinely used for protein detection/quantification due to its possibility to multiplex 

and as an orthogonal detection method when test results are questionable or need an extra 

confirmation analysis. The Peanut qPCR was not further investigated due to the poor performance in 

the chili pepper samples. It can be concluded that the UHPLC-MS/MS method is a good alternative to 

detect peanut in chili pepper besides the ELISA method, especially when results are doubtful and 

analysis using a complementary method is needed. 

7.2. General considerations UHPLC-MS/MS 

As has been addressed in all the chapters of PART I, the MRM methods’ performances (e.g. sensitivity, 

specificity, recovery, etc.) are influenced by the food matrix and food processing effects. For all the 

protein-based methods namely, such as ELISA and MS, the large dynamic range of all the varieties of 

proteins present in complex matrices can strongly affect the sensitivity, specificity, and recovery of the 

method negatively (Croote & Quake, 2016). This problem can be solved by using either more effective 

sample preparation techniques to reduce the sample complexity, or by using recent high-resolution 

instruments which offer an increased selectivity and sensitivity (Domon, 2012). Another limitation is 

the modification of the precursor peptides during food processing and interferences with the food 

matrix, which might render the target detection and identification more tedious. Therefore, the 

observed food and matrix interferences on UHPLC-MS/MS detection (section 7.3 Food processing and 

matrix effects), the used sample processing protocols (section 7.4 Sample processing protocols), and 

suggestions for alternative MS detection strategies (section 7.5 LC-MS detection systems) will be 

discussed. 
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As addressed in Chapters 3a and 4a, the identification of precursor peptides has been achieved by 

using high-resolution LC-MS/MS and the ProteinLynx Global Server version 3.0.1 (PLGS; Waters) 

software to search compatible nut peptides using UniProtKB databases. The identification and 

selection of the marker peptides will be discussed in sections 7.6 Identification of peptide markers 

and 7.8 Considerations of the general workflow to select marker peptides, respectively. 

The applications of UHPLC-MS/MS allergen detection methods, especially MRM methods, can be 

divided into two classes of purposes: (I) detection purpose to confirm the presence/absence of the 

allergenic ingredient and (II) quantification purpose to measure precisely the amount of allergenic 

ingredient present in the food samples. Up till now, most UHPLC -MS/MS allergen detection methods 

are developed to serve as a detection method, despite the possibility for quantification. In this 

dissertation, only the detection of (pea)nut allergens was studied, and further research is required to 

quantify traces of allergens. The quantification of allergens using LC-MS/MS will be discussed in section 

7.7 Food allergen quantification. 

Furthermore, the developed methods have to be validated to assure their performance for their 

intended applicability. Since this is not standardized, this will be discussed in section 7.9 Validation of 

the food allergen UHPLC-MS detection methods. 

Finally, some major considerations and the current state of the art regarding this topic will be 

highlighted in section 7.10 Final considerations – current state of the art. 

7.3. Food processing and matrix effects 

7.3.1. Observed food matrix interferences 

Since the MRM methods for food allergens require the detection of allergenic constituents at trace 

levels in all sorts of food matrices, food matrix interferences are detrimental to our purpose. This can 

be illustrated by some results obtained during this dissertation. As presented in Chapter 3a, a high 

background signal for specific precursor-fragment peptide transitions was sometimes observed, which 

consequently reduced the LOD/LOQ and recovery of the method. For example, peptide Pea2 (see 

Chapter 3 Table 3a- 1 for specifications of this peptide) showed for one of its fragment ions (fragment 

peptide 2 in Figure 7- 1) a high background signal, which reduced significantly the S/N-ratio of the 

peptide and therefore the LOD/LOQ. By optimizing the extraction protocol, as will be discussed in 

section 7.4 Sample processing protocols, this interference could sometimes be eliminated, resulting 

in a higher S/N-ratio (see Protocol B in Figure 7- 1). 
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Figure 7- 1. Chromatograms of the peanut peptide Pea2 for the two precursor- fragment peptide transitions 1 

and 2 at different peanut concentrations. Two different extraction protocols are presented (A and B). I = Peptide 

area under the curve, S/N = Signal to noise ratio. 

Besides the variations in peptide recovery and LOD/LOQ, the retention time (RT) of the peptides can 

be different between matrices (Planque et al., 2016). This was also observed in the obtained results 

presented in Chapters 3a and b. A shift was seen in the RT between the peptides sampled with 

different sample processing protocols (protocols A and B, see section 7.4.1 Protein extraction) and in 

different food matrices (e.g. between the wheat flour and cookies). These shifts in RT were mostly 

under the 0.3 min, which is similar to the variation in RT described in the study of Korte et al. (2016), 

where all marker peptides displayed a high stability in RT with most of the RT variations below 0.3 min 

and a maximal value of 0.41 min (Korte, Lepski & Brockmeyer, 2016).  

It must be addressed that in some cases, even a rigorously optimized and validated method suffers 

from matrix interferences (Diaz-Amigo & Pöpping, 2010; Kiseleva et al., 2015; Planque et al., 2017b). 

Therefore, the method developed in Chapter 3a has been examined for other matrices such as cookies 

(for all the nuts) and rice (only for peanuts) (Chapter 3b). More research is required to verify the 

performance characteristics of the method in different food matrices, such as chocolate, bread, 

cereals, etc. (for the MRM method developed in Chapter 3a) and other spices such as cumin (for the 

MRM method developed in Chapter 4a). 

To deal with chromatographic distortions, it is advised to work with isotopically labeled versions of a 

specific target (Isotopically labeled standards = IS) (Abbatiello et al., 2010). In proteomics, isotopically 

labeled peptides are extensively used as IS materials. An IS behaves identically to the analyte with 

respect to chromatographic retention (with the exception of heavily deuterated analogs) and 
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fragmentation in the MS, so these are still distinguishable on the basis of their mass to charge (m/z) 

ratio due to the heavy isotopes. The use of IS for quantification purposes will be further discussed in 

section 7.7 Food allergen quantification. 

Another option is to work with iRT standards, which can be applied for time-resolved mass 

spectrometry. An iRT standard kit contains non-naturally occurring synthetic peptides in a pooled mix 

with a stable retention time spacing over the gradient. It allows straightforward determination of 

peptide iRT values and calibration of chromatographic systems. In the first place, the consistent use of 

an iRT scale will enable the rapid and simple transfer of MRM assays from machine to machine as well 

as from laboratory to laboratory. But this could also be of use to recalibrate the RTs of the different 

target peptides when different food matrices or sampling procedures were used (Escher et al., 2012). 

However, this will always require a recalibration step when samples or procedures have been changed. 

7.3.2. Peptide modifications 

Besides matrix effects, the occurrence of peptide modifications by food processing, matrix effects, and 

sample handling must also be considered (see section 2.6.2.3 UHPLC-MS(/MS)). In Chapter 3b, both 

unroasted and roasted peanuts were incurred in rice and wheat matrices. It has been shown that 

thermal processing can affect allergen detection by inducing chemical modifications (Pilolli et 

al., 2018). This was also shown by this analyses, namely, the peanut peptides showed higher recoveries 

when the wheat flour or rice was incurred with unroasted peanuts, highlighting the impact of food 

processing on the detectability of the peptides. This highlights also the need for full documentation of 

the used ingredients for the validation since different processing forms can deliver significantly 

different outcomes (see section 7.9 Validation of the food allergen UHPLC-MS detection methods). 

During this research, a compromise has been made between the stability and the experimental 

performance of the peptides. Several studies have been conducted to determine the most stable 

peptides in allergens, but in practice, these are not always the most intensive fragments present in a 

digested extract. The detection of the most intensive fragments results namely in the most sensitive 

detection. Therefore, several used target peptides still exhibited more susceptible amino acids (see 

Chapter 3a section 3a.3.2 Selection of marker peptides). For example, the high abundant almond 

peptide NQIIQVR (m/z 870.5098) was in the almond samples also present at low concentrations with 

a loss of an ammonia (-17 Da). Asparagine (N) has, namely, a high tendency to lose an ammonia (Sun et 

al., 2008). 

Though, several processed matrices (e.g. roasted nut mélange, salad mix deluxe, etc.) were used to 

identify the nut peptides in which most of these peptides were present (see Appendix Table A.3a- 1) 

suggesting their applicability in even more processed food samples. These peptides were thus included 
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since they gave the strongest intensities in the matrix samples, but as also addressed in the work of 

Korte, Lepski & Brockmeyer (2016), their use must be regarded with caution especially when used for 

quantification purposes. 

Since sampling handling can also cause peptide modifications, this must be considered carefully during 

the procedure. For example, the denaturation of the proteins in urea (see Chapters 3a and b) is often 

accompanied by carbamylation of amino groups (either N-terminal or lysine), as well as other 

functional groups on other side-chains to a lesser extent. To limit the carbamylation, the urea was 

always made from fresh solid urea, elevated temperatures were avoided, and amine-containing 

buffers were used (Tris). The acidification to halt tryptic digestion, halts also further carbamylation 

(Maleknia & Johnson, 2011). Next, the reduction (with DTT or TCEP) and alkylation (with 

iodoacetamide) of the proteins (see section 7.4.2 Protein digestion), result in carbamidomethyl-

modified cysteine residues, which increases the mass of cysteine residues by 57.021 atomic mass units 

(Maleknia & Johnson, 2011). This must be considered when performing the data mining on the UHPLC-

MS/MS chromatograms. 

7.4. Sample processing protocols 

The sampling processing of the food samples includes two main steps, the extraction of the proteins 

and the enzymatic digestion of the extracted proteins into shorter peptides. As has been addressed in 

Chapters 3a and 4a, the performance characteristics of the food allergen detection methods are 

significantly influenced by the sample processing protocols and are target dependent. 

7.4.1. Protein extraction 

The protein extraction is one of the many critical steps during the total sampling process. A few 

examples can be given which were experienced during this dissertation: 

1) First, the extraction protocol of Costa et al. (2014) was followed, in which an extraction buffer was 

used containing 1 M NH4HCO3. However, due to the low recoveries of the peanuts in the chili pepper 

samples using this protocol (see Chapter 4a Figure 4a- 1), several organic protein precipitation 

protocols were evaluated (data not shown). Alcohol precipitation protocols are widely used to remove 

interfering components (e.g. polysaccharides, phenolic components, etc.) (Staes et al., 2011). The 

extraction protocol (using methanol) according to Minkoff et al. (2014) showed the best recoveries, so 

this protocol was applied for all the developed MRM methods during this dissertation. 

2) As described in Chapter 3a, some nut peptides obtained higher LOD/LOQ values when the filtering 

step using the 0.22 µm Millipore filters was performed prior to the protein digestion step (= protocol B, 

see Chapter 3a section 3a.2.4 Protein extraction and digestion) compared to the LOD/LOQ values of 
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the same targets when the filtering step was performed after the tryptic digestion (protocol A). 

Nevertheless, the total protein concentration was higher after sampling the samples with protocol A. 

This can be explained by the retention of some proteins (which did not dissolve easily) by these filters 

reducing the background signal. 

7.4.2. Protein digestion 

The protein digestion step is recognized as one of the most important sample preparation steps that 

can directly affect the outcome of all proteomic experiments. In the ideal situation, a complete 

digestion without missed cleavage sites is achieved in a very short time period. However, the types of 

proteins, the complexity of sample mixtures, the presence of surfactants, and impurities in the reaction 

mixtures can affect the efficiency of the tryptic digestion (Somiari et al., 2014). Conventional methods 

often involve up to 12 – 16 hours of incubation, but digestion times up to 24 hours are reported due 

to protein heterogeneity in samples (Hustoft et al., 2012). In the work of Hustoft et al. (2012), different 

strategies are summarized to speed up the tryptic digestion of protein samples, like heating, microspin 

columns, ultrasonic energy, high pressure, infrared energy, etc. To illustrate this, in the work of 

Gomaa & Boye (2015), the shortest time period was experimentally determined for the trypsin 

hydrolysis of gluten proteins (see Figure 7- 2). Based on their results, all hydrolysis experiments for 

UHPLC–MS were performed using an enzyme:substrate ratio of 1:20 for 3 h. During our research, the 

digestion was always set in overnight (+/- 12 hours) at a 1:50 enzyme:substrate ratio, so more studies 

can be performed to compare different digestion periods/ratio’s with each other in order to reduce 

the overall digestion time. 

 

 

Figure 7- 2. The degree of hydrolysis (DH %) of gluten proteins in baked samples after different hydrolyzes times 

and using differing enzyme:substrate ratios (1:20, 1:50 and 1:100). Figure adapted from Gomaa & Boye (2015). 

It must be noted that a fixed digestion time will not result in an optimal digestion for all the different 

types of present proteins, but for routine analysis, the main importance will be that the reproducibility, 

accuracy, and sensitivity of the detection method can still be guaranteed. 
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Since the digestion process depends on the individual protein structure with careful consideration of 

disulfide bridges, structural folding, solubility, and glycosylation, it is not always straightforward to 

select the best-performing digestion protocol. For both developed MRM methods, two different 

denaturation protocols prior to enzymatic digestion had an impact on the outcome of the fragment 

ion recoveries, as observed in our work when two different digestion protocols were compared for 

peanuts in two food matrices (flour and chili pepper) (Figure 7- 3). During the first protocol 

(protocol 1), urea, DTT, and iodoacetamide were used respectively for denaturation, reduction, and 

alkylation according to Costa et al. (2014). During the second protocol (protocol 2), respectively 

guanidine hydrochloride (Gu.HCl), TCEP.HCL, and iodoacetamide were used according to Minkoff et 

al. (2014). Gu.HCl and urea are commonly used denaturing agents (Lim, Rösgen & Englander, 2009). 

Although Gu.HCl is one of the strongest chaotropes available, it has not frequently been used in the 

field of proteomics since concentrations higher than 1 M significantly reduce the trypsin activity 

(Poulsen et al., 2013). Nevertheless, in the work of Poulsen et al. (2013), Gu.HCl was used which 

allowed the rapid and efficient digestion of proteins. During Chapters 4a and b, the Gu.HCl 

concentration was kept lower than 1M. 

Besides trypsin, Trypsin/Lys-C (trypsin + endoLysC), a mix of proteases, was investigated. This mix can 

be set in for digestion to increase the efficiency of the tryptic peptides since trypsin alone cleaves lysine 

residues with lower efficiency (Saveliev et al., 2013). However, as presented in Figure 7- 3. , only small 

increases during protocol 2 were observed for the intensities of the five MRM transitions of peanut, 

and since this mix is quite expensive, it was not used anymore for further investigations. 

To further improve the digestion efficiency, the Waters RapiGest (RG) acid-labile surfactant (Waters 

Corp.) can be investigated (New et al., 2018). The patented RapiGest SF Surfactant is a reagent used to 

enhance enzymatic digestion of proteins, both in-gel and in-solution28. It helps to solubilize proteins, 

making them more susceptible to enzymatic cleavage without inhibiting enzyme activity. 

 

                                                           
28 http://www.waters.com/waters/en_BE/RapiGest-SF-Surfactant/nav.htm?cid=1000941&locale=116 
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Figure 7- 3. Comparison of different digestion protocols of the different peanut samples. MRM 1: NLPQQCGLR/ 

MRM 2: GTGNLELVAVR/ MRM 3: IFLAGDKNVIDQIEK /MRM 4: RPFYSNAPQEIFIQQGR /MRM 5: DLAFPGSGEQVEK  

7.4.3. Protein purification 

During this work, all the samples were purified by an additional solid phase extraction (SPE) step prior 

to UHPLC-MS/MS analysis. This is a sampling purification strategy by which different components 

present in the samples are separated from other components according to their physical/chemical 

features. In this work namely, the extraction and digestion of proteins into peptides, salts, and other 

polar compounds (e.g. iodoacetamide) were used, which can interfere with the ionization of the 

targets. SPE is a commonly used strategy to remove these compounds prior to MS analysis to reduce 

ion suppression (Bignardi et al., 2013). However, during our work, the samples were finally suspended 

in a 100 mM Tris buffer, which also might interfere with MS ionization. Lowering the Tris concentration 

(< 10 mM) or dissolving the peptides in other solvents, like the mobile phase solvent (H2O + 0.1 % TCA), 

is thus advised. 
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Subsequent, additional sample clean-up strategies before tryptic digestion can enhance the sensitivity, 

as done in the work of Gu et al. (2018). Improved throughput and enhanced sensitivity were obtained 

by the introduction of a rapid solid-phase extraction step using the MonoSpin PBA spin column. 

Additional optimizations can be examined in order to increase the performance parameters of the 

developed MRM methods like additional cleaning steps. As mentioned in the work of 

Kiseleva et al. (2015) for example, extensive sample preparations like clean-up and depletion 

strategies improved significantly the MRM sensitivity of different plasma proteins. Various sample-

processing strategies exist to reduce the complexity of the samples, such as the depletion of the most 

abundant proteins (e.g. using an immunoaffinity subtraction system) or the enrichment of a class of 

proteins/peptides (e.g. capturing the peptide targets by anti-peptide antibodies) (Anderson et al., 

2009; Domon, 2012; Liu et al., 2006). The isolation of particular proteins/peptides can significantly 

reduce the biochemical background which in turn increases the performance of the detection methods 

(higher sensitivity, better recovery, etc.). It must be noted that these methods can be very labor-

intensive, so these methods do not usually satisfy the requirements for a simple workflow, ensuring a 

high recovery and throughput when a lot of samples have to be analyzed (Domon, 2012). 

7.5. LC-MS detection systems 

During this dissertation, the Synapt G2-S (Waters) was used for the discovery phase, whereas the Xevo 

TQ-S (Waters) was used for the detection of the allergen traces. 

One possibility to improve the performance of MS methods is to employ nanoflow separation; the 

narrow diameter of the analytical channel from which the sample enters the ion source produces a 

smaller electrospray plume, improving sampling efficiency. The small size of microflow droplets also 

allows ions to desolvate more readily before reaching the MS inlet, improving ionization efficiency, and 

reducing any ion suppression effects associated with analysis of complex mixtures, thereby increasing 

analyte signal. Subsequently, novel ceramic based (high-pressure monolithic substrate) microflow 

devices offer enhanced sensitivity compared to capillary columns. In the work of Sayers et al. (2018), 

this application has been described for the detection and quantification of peanut incurred into two 

different food matrices using only a single-step extraction method and MRM experiments with a range 

of different peanut allergen peptide targets. It demonstrates promise for detecting peanut at levels of 

10 mg/kg peanut protein (Sayers et al., 2018). 

To further improve the sensitivity and specificity of the MRM method, additional dimensions can be 

added to the ion separation, like the ion mobility separation and MRM3 modes. Both methods can 

enable improvements concerning the MS measurements in terms of a higher S/N ratio and thus a gain 

in sensitivity, even when eventually ions will be lost (Domon, 2012). 
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Ion mobility separation can be defined as an analytical technique used to separate and identify ionized 

molecules in the gas phase based on their mobility in a carrier buffer gas. For example, the work of 

Klaassen et al. (2009) described the validation of an LC - high-Field Asymmetric waveform Ion Mobility 

Spectrometry (FAIMS) MS/MS method to detect particular peptides in rat serum. The potential 

drawback is a long residence time of the ions in the analyzers potentially reducing the duty cycle 

(Domon, 2012). The duty cycle is the total amount of time spent monitoring the chosen analytes. If the 

chromatographic resolution requires a particular duty cycle time, then the dwell time for each analyte 

measured in the duty cycle is inversely related to the number of analytes. The dwell time is the time 

spent acquiring a specific MRM transition during each cycle. A very short dwell time can be used (5 ms 

or less). However, longer dwell times are always desirable for a better signal/noise and sensitivity, but 

how shorter the duty cycle time, the shorter the dwell time. 

MRM3 relies on an additional stage of fragmentation to measure second-generation product ions on a 

quadrupole/linear ion trap instrument. For allergen detection, an MRM3 has been developed by Korte 

& Brockmeier (2016) for multiple nuts in several matrices. Due to the MRM3 modus, the sensitivity 

could be increased up to 30-fold. For example, for cashew, peanuts, and pistachio, LOD values of 

< 0.3 mg total nut /kg were achieved. However, as it is also the case for IM separation, the gain in 

sensitivity is obtained at the expense of the duty cycle and thus the number of analytes that can be 

analyzed during one experiment (Domon, 2012). 

7.6. Identification of peptide markers 

The identification and selection of the precursor peptides have been achieved by using high-resolution 

LC-MSE data and the ProteinLynx Global Server version 3.0.1 (PLGS; Waters) software to search 

compatible nut peptides using UniProtKB databases (see Table 7 -1 for the maximum found entries 

per sample). 

Table 7- 1. List of amount of identified unreviewed UniProt entries per allergenic ingredient 

Allergenic ingredient Unreviewed entries per allergenic ingredient (UniProt database) Max. entries found per sample 

Juglans regia (Walnut) 45952 4 

Corylus avellana (Hazelnut) 7747 10 

Arachis hypogaea (Peanut) 2360 38 

Bertholletia excelsa (Brazil nut) 1968 5 

Prunus dulcis (Almond) 518 10 

Pistacia vera (Pistachio) 131 6 

Anacardium occidentale (Cashew) 102 3 

Macadamia integrifolia (Macadamia nut) 97 5 

Carya illinoinensis (Pecan) 54 3 
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To estimate the efficiency of the protein search, the protein content of the nuts must be completely 

known. Since no complete protein profile for the nuts has been found in literature, we looked at the 

known allergens assigned by the WHO/IUIS Allergen Nomenclature Sub-Committee29, present in the 

nuts (see Table 7- 2). For most of the nuts, only the major allergens could be identified. This can be 

due to loss of the proteins by extraction and digestion or by the search itself. 2S albumins, globulins, 

and vicilins are classified as important nut seed storage proteins, representing relevant class I food 

allergens, while class II allergens from pathogenesis‐related (PR) proteins (Bet v 1‐homologous family) 

and structural profilins are minor components in nuts (Costa et al., 2014). 

Table 7- 2. Overview of the known allergens in nuts 

Juglans regia (Walnut) Corylus avellana (Hazelnut) Arachis hypogaea (Peanut) Prunus dulcis (Almond) 

Name Function Name Function Name Function Name Function 

Jug r 1 2S Albumin Cor a 1 PR Ara h 1 7S Vicilin Pru du 3 LTP 

Jug r 2 7S Vicilin Cor a 2 Profilin Ara h 2 2S Albumin Pru du 4 Profilin 

Jug r 3 LTP Cor a 6 
Isoflavone 

Reductase 
Ara h 3 11S Globulin Pru du 5 

Ribosomal 

Protein 

Jug r 4 11S Globulin Cor a 8 LTP Ara h 5 Profilin Pru du 6 11S Globulin 

Jug r 5 PR Cor a 9 11S Globulin Ara h 6 2S Albumin (Pru du 8) 

(Antimicrobial 

Seed Storage 

Protein) 

Jug r 6 7S Vicilin Cor a 10 
Heat Shock 

Protein 
Ara h 7 2S Albumin Pistacia vera (Pistachio) 

Jug r 7 Profilin Cor a 11 7S Vicilin Ara h 8 PR Name Function 

Jug r 8 LTP Cor a 12 Oleosin Ara h 9 LTP Pis v 1 2S Albumin 

Bertholletia excelsa (Brazil nut) Cor a 13 Oleosin Ara h 10 Oleosin Pis v 2 11S Globulin 

Name Function Cor a 14 2S Albumin Ara h 11  Oleosin Pis v 3 7S Vicilin 

Ber e 1 2S Albumin 
Anacardium occidentale 

(Cashew) 
Ara h 12 Defensin Pis v 4 

Superoxide 

Dismutase 

Ber e 2 11S Globulin Name Function Ara h 13 Defensin Pis v 5 11S Globulin 

Carya illinoinensis (Pecan) 
Ana O 1 7S Vicilin Ara h 14 Oleosin 

Macadamia integrifolia 

(Macadamia nut) 

Name Function Ana O 2 11S Globulin Ara h 15 Oleosin Name Function 

Car i 1 2S Albumin Ana O 3 2S Albumin (Ara h 16) (LTP) (Mac i) 
(Not 

specified) 

Car i 2 7S Vicilin   (Ara h 17) (LTP)   

Car i 4 11S Globulin       

 

*Allergens in bold were identified by using the PLGS search. Allergens in brackets did not have a UniProt Accession number. PR =Pathogenesis 

related protein or Bet v 1 – like proteins; LTP = Lipid transfer protein. Marked allergens contain the final precursor-fragments used in 

Chapters 3 & 4.  

                                                           
29 http://www.allergen.org 
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Despite that not all the allergens have been detected, our purpose was to find the most abundant 

proteins to achieve a final MRM method with sufficient LOD/LOQ. A summary of the protein content 

of the major allergenic ingredients has been made by Croote & Quake, 2016. To illustrate this, peanuts 

consist of 57 % of the allergens Ara h 1, Ara h 2, Ara h 3, and Ara h 6. Most of the found peanut entries 

could be identified as these major allergens (see Figure 7- 4). For peanut, most of the final precursor-

fragment transitions were part of the Ara h 3 allergen, which is the most abundant protein in peanut 

(Croote & Quake, 2016). 

 

Figure 7- 4. Left: Found entries in a peanut sample with 38 identified entries. Right: the protein abundance in 

peanut. Dark circles represent the final peptides in Chapter 3a, the more transparent circles the final peptides in 

Chapter 4. Pea2 was used in both Chapters 3 and 4. 

Besides the protein abundance of peanuts, these of almond, cashew, walnut, and hazelnut were also 

presented by Croote & Quake, 2016 (see Figure 7- 5). However, for almond, walnut, and hazelnut no 

distinction was made between the different proteins, only a distinction was made between different 

protein families which can contain multiple allergens and other proteins. For cashew, also the final 

precursor-fragment peptides were part of the most abundant protein, Ana o 2. 

As addressed in Chapter 3.a, the main advantage of this approach is that MSE data gets exact mass-

precursor and fragment ion spectra from every detectable component in your sample in a data-

independent way. By using the PLGS software, the MSE dataset could be presented in a quantitative 

and qualitative way. However, as mentioned by Kort, Lepski & Brockmeyer (2016), the bottleneck of 

the data-independent approach is that the UniProt database is still far from being complete. For 

macadamia, no allergens were already been specified so no UniProt entries of the allergens were 

available. Therefore, the identification of major proteins could be missed. 
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Figure 7- 5. Schematic overviews of the  protein abundances in different nut species. Dark circles represent the final 

peptides in Chapter 3a.  

7.7. Food allergen quantification 

As addressed in section 2.6.1.6 Quantification, the quantification of traces food allergens is not that 

straightforward, not even for UHPLC-MS/MS applications. 

To tackle this issue, well-characterized standards can be used which matches the target allergen to be 

quantified and can be used for internal (e.g. the isotope dilution concept, standard addition method) 

or external quantification methods (external standard curve). 

A very common technique is the isotope dilution concept, which is an internal quantification method 

which relies on the addition of defined quantities of isotope-labeled standards. These standards exhibit 

chromatographic behaviors identical to the native compounds but can be distinguished by their mass 

difference (Brun et al., 2008). They can be classified as followed, according to Brun et al.,(2008): 

I) AQUA standards (absolute quantification standards), correspond to synthetic peptides that can be 

spiked into the samples after the digestion step. The commercial availability and ease of use of AQUA 

peptides make them a particularly attractive method of choice for researchers. Custom sequences can, 

for example, be delivered within two months of ordering30. However, since these standards are fully 

                                                           
30 https://www.sigmaaldrich.com/catalog/product/sigma/peptide?lang=fr&region=BE 
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tryptic peptides, these standards do not take into account the extraction and digestion of the proteins 

in the samples; a verification of the completeness of target protein extraction and digestion is required 

to prevent significant underestimations. 

II) QconCATs (quantification concatemers) are chimerical proteins composed of different proteotypic 

peptides from several protein targets. These concatemers can be home-made but also obtained 

commercially31 and are generally added before the proteolysis step, whereby they also will be released 

as single peptides by endoprotease cleavage. QconCATs are more costly to produce than AQUA 

standards, but they become cost-effective when many proteins have to be quantified (50 tryptic 

peptides can be included in a single construct). Furthermore, the several proteotypic peptides of the 

same target protein enhance the robustness of quantification. However, like the AQUA standards, the 

completeness of extraction and tryptic digestion has to be assessed for each protein target in order to 

achieve accurate quantification. The study of Chen et al. (2015) compared the use of a short and a long 

isotope labeled peptide for peptide peak area correction to detect bovine β-casein in baked foodstuffs. 

The latter obtained better recoveries for the quantification of spiked allergens in cookies, probably due 

to the correction of the digestion step. 

III) PSAQ standards (full-length isotope-labeled proteins) are full-length proteins matching the 

biochemical properties of the target proteins; they can be spiked into the samples at the very beginning 

of the analytical process. In theory, these are the most accurate standards since they take into account 

the impact of matrix and food processing effects and of the proteins itself, on the extraction, and 

digestion of the respective proteins. A current limitation of the PSAQ method is the cost and difficulty 

to produce protein standards. 

Alternatively, to reduce the cost of isotopic labeling, synthetic peptides without an isotopic label have 

also been used for quantification purposes in the field of allergen quantification 

(Koeberl, Clarke & Lopata, 2014), like has been used in the work of Sealey-Voyksner et al. (2010). In 

their work, blank samples were spiked with synthetic peptides, so real blank samples which contain 

the same matrix constituents must be available. When applying external quantification namely, the 

incurring of the samples must occur in similar blank food samples since matrix-matched calibration 

curves give the most reliable quantification (see also Chapter 3b). However, the availability of blank 

samples is not always possible in practice. As already mentioned in Chapters 4a and b, peanut 

contamination was present in the chili pepper samples which were used as blank matrices. 

The lack of blank standards can be solved with the standard addition method (SAM), in which the 

sample is spiked with various amounts of pure analyte which enhances the response of an analyte 

                                                           
31 https://www.polyquant.com/custom-made-qconcats/ 
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accordingly in relation to the magnitude of response from matrix and apparatus (Andersen, 2017). 

Nevertheless, this is a very laborious method since every food matrix needs its own standard series, 

which is not feasible in routine analysis when many samples containing different food matrices have 

to be analyzed. Furthermore, MRM methods using unlabeled spikes need to be more consistent and 

reliable to be able to achieve absolute quantification since a robust batch-to-batch consistency is 

required (Andersen, 2017). 

In practice, the use of labeled peptide standards seems to be the gold standard in allergen 

quantification. However, the work of Planque et al. (2017b) showed that the use of labeled peptides 

as internal standards did not allow to correct the effect of heating and matrices on the extractability 

and digestibility of peanut, soy, and milk peptides in cookies, sauce, and ice cream. So a single-standard 

curve does not allow the quantification of allergens in multiple foodstuffs. Currently, the method of 

standard addition seems the most appropriate for quantifying allergens by UHPLC-MS/MS. Despite 

that, for routine laboratory, the ideal quantification strategy involves the use of a single calibration 

curve. Yet, neither the use of short labeled peptides nor the use of long isotope-labeled peptides 

allowed using a single calibration curve for the quantification of all target allergens (Planque et al., 

2019). 

Finally, a limited factor still facing the quantification of the allergens, is the final reporting unit of the 

test results. Currently, the number of allergens are mostly presented in the literature by the total 

allergenic commodity or total protein content of this allergenic commodity. These are the most 

relevant reporting units for the allergic community. However, in the case of both units, a conversion 

factor is needed for all the above described IS quantification methods since only one or several 

peptides or proteins are detected and quantified. Currently, there is no general agreement around 

conversion factors. To deal with this, conversion factors should be agreed with literature references to 

the typical protein contents of (at least) Annex II allergens. As mentioned earlier in section 2.6.1.6 

Quantification, for protein-based methods, the conversion factors are estimated based on the average 

protein content of the allergenic commodity. For MS, however, this is more complex because there is 

a need to convert from peptide to peanut proteins. One approach being applied is to first convert the 

peptide concentration to a concentration of individual allergens using a set of predefined MWs and to 

subsequently develop a further conversion factor to arrive at peanut protein based on the relative 

abundance of each allergen type (Nitride et al., 2018). 

7.8. Considerations of the general workflow to select marker peptides 

The general workflow has been followed during this project as described in section 2.6.2.3 UHPLC-

MS(/MS) to select the final precursor-fragment marker peptides. It must be mentioned that in 
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Chapter 3a, the MSE-full scan modus was only performed on the samples sampled with protocol A. 

When the method was further optimized after selection of the transition fragments, small adaptations 

of the sampling protocol were made in order to increase the sensitivity of the method. However, for 

future research purposes, it is suggested to identify the most abundant peptides for every adapted 

sampling protocol if possible. 

The preliminary selection of the precursor peptides was based on the intensity of the precursor 

peptides in the samples and the amino acid sequence. However, sometimes a compromise has to be 

made between stability and sensitivity (as also addressed in section 7.3.2 Peptide modifications). 

The peptides were screened for their selectivity using the BLAST tool of the UniProt database. 

However, the precursor peptide of almond A1 is also present in peach (see Chapter 3a section 3a.3.3 

Specificity of marker peptides). The second peptide A2 for almond was species specific. Since 

peptide A1 obtained a better sensitivity than A2 (resp. 1.0 and 6.6 mg almond proteins /kg), false 

positive results due to the presence of peach under the 6.6 mg almond proteins /kg cannot be 

excluded. Another example is that walnut and pecan are closely related to each other. The best-

performing peptides for walnut in earlier published works were also present in pecan (Bignardi et al., 

2013; Korte & Brockmeyer 2016; Korte, Lepski & Brockmeyer, 2016). The used peptides for walnut in 

this work showed no aspecificity with pecan. 

The final precursor-fragment peptide transitions were selected based on the criteria described in 

section 2.6.2.3 UHPLC-MS(/MS). Most of the selected fragment ions during this work were y- and b-

ions since these occur the most during fragmentation. Only if other fragments ions performed 

significantly better, those were selected for the further steps. For example, sometimes a b/y cleavage 

will occur twice in the same molecule, resulting in a fragment ion that contains neither the peptides’ 

original C- or N-terminus (see Chapter 3a Table 3a- 1 for the applied fragment ions during our work). 

The specificity of the peptide-fragment transitions was further assessed experimentally since co-

eluting compounds can interfere with the detection (see section 7.3.1 Observed food matrix 

interferences). This was done by examining the occurrence of the different peptide transitions in 

different food ingredients. The most sensitive and specific transitions were used for further 

experiments. 

Complex foodstuffs compromise with the food allergen detection, and different proteins react 

differently in combination with different matrices and food processing procedures. Therefore, it is 

obvious that one peptide per allergen is not sufficient to target (Planque et al., 2017 a). In Chapter 3a, 

only two precursor peptides were chosen per nut, however, the reliability can be increased by adding 

more (three or four) peptides for each allergen which preferably originate from multiple proteins. 
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However, as addressed in section 7.3.2 Peptide modifications, as was the case during our research, 

adding more peptides to the analysis compromises with the sensitivity of the method since not all the 

peptides perform equally. A compromise has to be made therefore between the sensitivity and the 

specificity of the method. 

It is recognized that MRM analysis based on one single transition does not provide sufficient evidence 

for the presence of the targeted precursor ion, so measuring several transitions of one precursor 

fragment is required. More transitions per fragment peptide deliver more reliable results. Though only 

a few specific fragment transitions deliver the most intense signals, and as a consequence, a higher 

sensitivity. Furthermore, it must also be considered that there is a limit in the number of transitions 

that can be monitored efficiently during one elution time window if multiple analytes are monitored 

concomitantly. The number of measured transitions is namely determined by the dwell time of each 

transition and the overall cycle time needed to comply with the chromatographic separation while 

maintaining an acceptable sampling rate (Koeberl, Clarke & Lopata, 2014). 

In this dissertation, the selected peptides were verified in product ion scan modality to determine the 

two best-performing transitions per peptide, suitable for MRM analysis (following CD 2002/657 two 

precursor–fragment transitions are required in order to obtain the necessary three identification 

points) (Vanhaecke et al., 2011). Despite the fact that the Commission Decision 2002/657/EC describes 

the criteria to monitor certain substances and residues in live animals and animal products32, we 

decided to implement these criteria since no criteria are defined yet how many precursor-fragments 

must be detected using LC-MS/MS. In Chapter 3a for pecan nut, only one precursor-fragment 

transition was selected for further research, due to the limited amount of well-performing peptides. 

For macadamia, no precursor-fragment transitions performed sufficiently for the following steps due 

to the lack of sequence data (see section 7.6 Identification of peptide markers). In Chapter 4a, four 

peptides were selected to detect peanut in chili pepper. However, not all the peptides could be found 

in the spice samples, analyzed in Chapter 4b. General agreements must be made whether it is 

necessary to detect al the precursor-transition fragments in order to confirm the presence of trace 

allergens in food matrices. 

As mentioned in the work of New et al. (2018), with a reduced number of MRM transitions, a good 

compromise between sensitivity and specificity can be achieved while ensuring that the assay is 

accurate for multiple food matrix analysis. An additional parameter which is suggested for further 

research objectives, is the peptide ratio calculation of the different transitions, so the identity of the 

                                                           
32 https://publications.europa.eu/en/publication-detail/-/publication/ed928116-a955-4a84-b10a-cf7a82bad858/language-
en 
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allergen can be confirmed with an increased level of confidence (see Equation 7- 1)(Newt et al., 2018; 

Planque et al., 2019). The difference of the peptide ratio between an unknown sample and a standard 

sample should be less or equal to 30 % (New et al., 2018). In the work of Planque et al. (2019), it was 

suggested that the detection of two peptides per allergen is not required in order to declare a sample 

positive (detection of one peptide = the detection of two transitions with an S/N-ratio of 10 for the 

first transition and 3 for the second selected transition). This criterion obtained namely a high 

specificity in their work (1.3 % false positives), but it did not allow sufficient sensitivity (33.3 % false 

negatives). 

Peptide ratio = 
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑒𝑐𝑜𝑛𝑑 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 𝑖𝑜𝑛

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑓𝑖𝑟𝑠𝑡 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 𝑖𝑜𝑛
 

Equation 7- 1. Determination of the peptide ratio per peptide.  

After selection of the precursor-peptide transitions, the fragment-transitions were further optimized. 

Since the fragmentation pattern and efficiency can vary from instrument to instrument, it is of utmost 

importance to optimize each peptide-fragment transition individually (e.g. collision energy, retention 

time window) to obtain the best performance characteristics. Also, further adaptations were made on 

the sampling procedure to improve the sensitivities of different precursor-fragment transitions (e.g. 

protocol A and B). 

Finally, only a preliminary validation of the in-house method has been conducted. More intra- and 

interlaboratory validation is still required. Different food matrices have to be assessed and eventually 

a standardized validation protocol, as required for example by the AOAC Performance Tested 

MethodsSM Program33, has to be conducted. 

7.9. Validation of the food allergen UHPLC-MS detection methods 

Despite the efforts which have been made towards a global harmonization of validation, regulations 

set up by the government are still lacking for allergen detection methods (see section 2.6.3 Validation 

of allergen detection methods). Furthermore, there is still a lack of standardized confirmatory 

methods, which can be used to confirm the performance characteristics of a novel developed method. 

This highlights the importance of this research since UHPLC-MS/MS MRM-based methods are the 

method of choice to function as the possible upcoming confirmatory standardized method (Croote & 

Quake, 2016; Nitride et al., 2018). This was also addressed by the European Union-funded “Integrated 

Approaches to Food Allergen and Allergy Risk Management” (iFAAM) project (2013-2017). This project 

                                                           
33 http://www.aoac.org/aoac_prod_imis/AOAC_Member/RICF/RIPTM_M.aspx 

http://www.aoac.org/aoac_prod_imis/AOAC_Member/RICF/RIPTM_M.aspx
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was set up to fill in the gaps in knowledge concerning food allergen management and analysis, which 

included the development of MS methods as confirmatory methods (Nitride et al., 2018). 

Most frequently, method developers concentrated on the process of evaluating the performance 

parameters of a method, rarely set acceptance criteria. It is therefore of utmost importance that 

globally accepted standards are set for analytical methods. The AOAC (Association of analytical 

communities) is an independent, third party, not-for-profit association which develops global Standard 

Method Performance Requirements (SMPRs®) to the minimum recommended performance 

characteristics to be used during the evaluation of a method. Currently, much progress has been done 

concerning the validation of allergen detection methods. For example, SMPRSs for the quantitation of 

chicken egg and milk by ELISA-based methods are nowadays fully under development (draft Version 6, 

July 20, 201734). Furthermore, in March 2018, the SCIEX LC-MS/MS method for major food allergens 

received the First Action Official Method (FAOM) classification from AOAC INTERNATIONAL's Official 

Methods Board35. However, further validation steps are required in order to achieve a Final Action 

Method Classification36. 

The AOAC Standard Method Performance Requirements (SMPRs®) 2016.00 guideline for the detection 

and quantitation of selected food allergens describes the minimum recommended performance 

characteristics, specifically for LC-MS analytical methods, to be used during the evaluation of a method 

(Paez et al., 2016). The evaluation may be an on-site verification, a single-laboratory validation, or a 

multi-site collaborative study. However, these AOAC SMPRs are still only voluntary consensus 

standards developed by stakeholders (see Appendix F of the SMPRs® 2016.00 guideline37). Up till now, 

no official European/global analytical criteria are set up concerning the detection of food allergens in 

food matrices. The results gathered during our in-house validation were compared with these 

acceptance criteria. 

In this dissertation, only a single-laboratory study has been performed. However, a multi-site 

collaborative study is advisable for the future since the measurements’ uncertainties and the 

robustness of the methods can only then be fully examined. In the work of Nitride et al. (2018) for 

example, ISO 5725-2:1994 criteria were used, which define the general principles for designing 

interlaboratory experiments to allow the numerical estimations of the precision of measurement 

methods. 

                                                           
34 https://cld.bz/gs9Yqjt/4/ 
35 https://sciex.com/about-us/press-releases/food-allergen-screening-method-by-sciex-receives-official-method-

classification-from-the-aoac-international 
36 http://www.aoac.org/aoac_prod_imis/AOAC_Docs/OMB/OMB_ERP_Guidance.pdf 
37 http://www.eoma.aoac.org/app_f.pdf 
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For the validation of the novel developed methods in Chapters 3a and 4a, the following issues were 

taken into account during this dissertation: 

1. The test materials 

As has been presented in Chapter 2 section 2.6.1.2 Reference materials, there is still a lack of 

universally recognized certified reference matrices for the validation of food allergen detection 

methods. Therefore, during this dissertation, novel test materials had to be developed to optimize and 

validate the novel developed MRM methods with. Due to the high-fat content of the nuts, these are 

difficult to mix in dry food matrices like flour and chili pepper powder. Therefore, a novel mixing 

procedure has been developed during this thesis (Chapter 3a section 3a.2.3 Preparation of the 

incurred food samples), which allowed the homogenous distribution of the nuts in the powder. Since 

no absolute quantification was yet possible using the UHPLC-MS/MS method, the matrices were first 

screened using commercial ELISA kits. The results of the AgraQuant PLUS Hazelnut ELISA (Romer Labs, 

Cheshire, UK) of the incurred hazelnuts in the flour matrix delivered comparable concentrations as the 

added concentrations hazelnuts in the flour matrix (see Table 7- 3). It was assumed that the other nuts 

will behave the same as the hazelnuts during the mixing procedure. 

Table 7- 3. Results of the concentrations of the roasted hazelnuts in the incurred flour matrix analyzed with the 

AgraQuant PLUS Hazelnut ELISA. 

 

 

 

 

 

 

Ppm = mg/kg whole hazelnuts in the flour matrix. * = concentrations were diluted to 20 ppm (the hazelnut concentrations have to be in the 

measuring range of the ELISA method). 

As described in Chapter 2 section 2.6.1.2 Reference materials, more research is required to validate 

these matrices in order to develop validated reference materials. The homogeneity and stability of the 

matrices have to be ensured for longer storage conditions for all of the nuts. All the prepared samples 

were stored at – 20 °C in vacuum-sealed plastic bags during this dissertation to ensure the stability of 

the matrices. 

  

Ppm roasted hazelnuts Results (ppm) 

0 < LOD 

1,5625 2,17 

3,125 3,21 

6,25 5,83 

12,5 11,58 

25 17,63* 

50 20,37* 

100 16,05* 
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2. LOD/LOQ determination and requirements.  

The guidelines for the LOD and LOQ determinations are suggested by the AOAC SMPR 2016.002 

guidelines as (see Equation 7- 2 for the LOQ) (Paez et al., 2016): 

LOQ = Average (blank) + 10 × s0 (blank). 

Equation 7- 2. Determination of the limit of quantification using LC-MS/MS.  

LOD = The minimum concentration of a substance that can be measured and reported with 99 % 

confidence that the analyte concentration is greater than zero. It is determined from analysis of a 

sample in a given matrix containing the analyte at an expected LOD level. This determination of the 

LOD is based on the ORA LABORATORY PROCEDURE (METHODS, METHOD VERIFICATION AND 

VALIDATION version 1.7), where is noted38: 

For chromatographic or spectrophotometric methods, determine the minimum level at which a compound can be 

detected. The LOD is generally defined as 3 times the noise level (99 % confidence). Other scientifically-sound 

approaches may also be used. For other types of methods, estimate through visual evaluation of the minimum 

level at which a compound can be detected, using analyte solutions of decreasing concentration.  

However, not much specific guidelines are given concerning the determination of these parameters 

(reference materials, which and how many precursor-fragment peptide transitions have to be used for 

each different parameter, how many samples are needed, etc.). 

During this study, the experimentally LOD and LOQ values were determined as the average of the 

spiking levels in which the fragment ions have a signal to noise ratio (S/N) ≥ 3 and ≥ 10 respectively, 

which is commonly used in most of the food allergen MRM studies and described in the SMPR 2016.002 

guidelines (see Chapters 3a and 4a). The LOD of a peptide was determined as the LOD of its second 

most sensitive MRM transition, as also described in the work of Korte & Brookmeyer (2016). This is 

important to take into consideration since at least two precursor-fragment ions per precursor are 

required to achieve a reliable detection method. This is however not always the case. As has been 

outlined in Chapter 3a for example, in the study of Bignardi et al. (2013), only the best-performing ions 

of each marker peptide were assessed to determine the theoretical LOD values. 

Furthermore, the prescribed values do not take into account the portion sizes of the food matrices 

(LOD ≤ 3 ppm whole peanut/hazelnut), as has been discussed in Chapter 2 section 2.3.2.2 PAL, risk 

assessment, and threshold levels. This might cause that methods which a sufficient estimated 

sensitivity taking into account the portion sizes of the food matrices, are still considered insufficient, 

leading to too few confirmatory allergen detection methods when these are needed. For the spice 

samples for example, see Chapters 4a and b, it was calculated that for a portion size of 20.2 g (highest 

                                                           
38 https://www.fda.gov/downloads/scienceresearch/fieldscience/laboratorymanual/ucm292774.pdf 
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portion size intake observed for chilies) (Siruguri & Bhat, 2015), an LOD of 38 ppm whole peanut (9.9 

ppm total peanut proteins) is required, taking into account the threshold levels for peanut (0.2 mg 

peanut proteins) and the specific consumption portions of the spices. In this context, the assessed LOD 

of 24 ppm whole peanut (6.2 ppm total peanut proteins) in Chapter 4a fulfilled the requirements, 

despite that this method did not reach the AOAC SMPR 2016.002 required LOD of ≤ 3 ppm whole 

peanut. These threshold levels were based on the reported ED01 threshold levels of peanut according 

to VITAL 2.0. (Taylor et al., 2014). For the wheat flour matrices, it is more difficult to assess the 

consumption portions since wheat flour will be used as a food ingredient in multiple different food 

preparations. The LOD values assessed in Chapter 3a (see Chapter 3a Table 3a- 2) were therefore 

compared to the VITAL2.0 action levels set up for the different amount of portion sizes (see Table 7- 4) 

(Taylor et al., 2014). 

Table 7- 4. Comparison of the experimental LOD values with the VITAL 2.0 action levels 

VSEP1 Recommended Reference Doses 
Allergen Protein Dose Level (mg)2 250 g portion size4 50 g portion size4 5 g portion size4 
Peanut 0.2 0.8 4 40 
Hazelnut3 0.1 0.4 2 20 
Cashew 2 8 40 400 

 

 

 

 

 

1 Vital Scientific Expert Panel Review (Taylor et al., 2014)/ 2 Dose level below which no (allergic) reactions occur for > 99 % or > 95 % of the 

allergic population (dependent on the available data per allergen)/ 3 Used as generic tree nut value, except cashew/ 4 VITAL 2.0 action levels 

expressed in ppm (mg protein/ kg portion) per portion size/ 5 Attention should be paid towards the fact that VITAL 2.0 action levels are 

expressed in mg protein (of the allergenic commodity) per kg matrix/  A = LOD ≤ Action level of portion size 250 g, B = LOD ≤ Action level of 

portion size 50 g, C = LOD ≤ Action level of portion size 5 g according to the VITAL 2.0 action levels / * Peptides that achieved a higher sensitivity 

when performing protocol B (see Chapter 3a Table 3a- 2) 

At present, insufficient threshold dose data (see also Chapter 2 section 2.3.2.2 PAL, risk assessment, 

and threshold levels) are available in literature for deriving a reference dose for nuts other than 

hazelnut, walnut, and cashew. The reference dose of hazelnuts is currently be considered as a 

(provisional) alternative for the risk assessment of the other nuts for which threshold doses are lacking 

(almonds, pecan nuts, Brazil nuts, pistachio nuts, macadamia, or Queensland nuts) (Taylor et al., 2014), 

so more data concerning threshold doses are needed. For the determination of these doses, low-level 

DBPCFCs are still the gold standard for the determination of threshold levels of the different allergens 

Allergen LOD (b) E5 Allergen LOD  (b) E5 

A1 0.9 B Pea1 3.2 B 

A2 6.1 C Pea2 4.8 C 

C1 2.3 A Pea2* 0.4 A 

C2 4.6 A Pis1 2.2 C 

H1 0.4 A Pis2 1.6 B 

H2 1.3 B Mac1 9.0 C 

B1 2.6 C Mac1* 4.5 C 

B1* 0.7 B W1 10.8 C 

B2 0.4 A W1* 1.8 B 

Pec1 8.5 C W2 3.6 C 

Pec1* 0.9 B    
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in food-allergic patients. During this dissertation (see Chapters 5 and 6), low-level matrices for 

hazelnuts have been developed which can be investigated for the implementation of other nut 

ingredients. 

3. Repeatability and reproducibility 

In Chapters 3a and 4a, the repeatability and reproducibility were assessed for both MRM methods. 

The repeatability is defined according to the AOAC SMPR 2016.002 as the variation arising when all 

efforts are made to keep conditions constant by using the same instrument and operator and repeating 

during a short time period (expressed as % RsDr). The reproducibility is the standard deviation or 

relative standard deviation calculated from among-laboratory data (expressed as % RsDR). However, 

during our research, the repeatability was assessed from samples sampled and analyzed on the same 

time period, whereas the reproducibility is determined of the samples sampled and analyzed on 

different time periods. So it must be addressed that in our work, the definition of reproducibility does 

not follow these described by the AOAC SMPR 2016.002. As already mentioned earlier, follow up 

research must be conducted to perform an among-laboratory validation. In this regard, the calculated 

reproducibilities of the MRM methods, see Chapters 3a and 4a, should be seen as intermediary 

reproducibilities. 

4. Specificity 

In Chapters 3a and 4a, the specificities of the different methods were assessed in silico by blasting the 

peptide sequence against the UniProt database 39. However, as already mentioned earlier, co-eluting 

fragments having different sequences but similar m/z-ratios can also interfere with the 

chromatographic peaks and cause false-positive results. Furthermore, the available data set for 

allergenic nut fruits and relevant food matrices are far from complete. Therefore, the specificity must 

be further determined experimentally. As mentioned in both chapters, blank samples were used to 

determine the environmental interference of the methods. The lack of environmental interference is 

defined by the AOAC SMPR 2016.002 as the ability of the assay to detect the target organism in the 

presence of environmental substances and to be free of cross-reaction from environmental 

substances. During Chapter 3a, the specificity was further examined for environmental interferences 

using other relevant matrices such as chocolate, rice, and cookies. 

Next, all the nut peptides were examined to assess the exclusivity of the methods, which is defined as 

the isolates or variants of the target agent(s) that the method must not detect (Paez et al., 2016). As 

addressed in Chapter 3a, few minor nonspecific signals (e.g. A1 in cashew) were observed in some 

whole nut extracts at the same RT for both fragment ions. Nevertheless, these minor peaks do not 

                                                           
39 https://www.uniprot.org/blast/ 

https://www.uniprot.org/blast/
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influence the detection at trace level because these were negligible small compared to the specific 

peaks. These could be due to contamination of the samples in the factory since these nuts were                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

produced and packaged in the same factory. Further investigation should be done when detecting the 

respective nut in a mix of the other nuts. 

7.10. Final considerations – current state of the art 

As addressed several times during this discussion, the lack of a global harmonization towards the 

detection of food allergens in food matrices makes the optimization and validation of new methods 

quite cumbersome. 

That harmonization is needed can be illustrated by the following document “Harmonisation of 

Approaches for informing EU allergen labeling legislation” (2016) where the following subjects were 

discussed 40 (see Figure 7 – 4 ): 

 

Figure 7- 6. Topics for which a consensus view was sought during the Joint DG SANTÉ and DG JRC workshop” 

Harmonisation of Approaches for informing EU allergen labeling legislation” (2016). 

Several highlights will be emphasized in this section which were noticed during this research. These 

must be throughout considered in follow up LC-MS/MS studies regarding food allergen detection. 

7.10.1. Protocols for different food matrices 

During this research, several protocols have been developed to detect traces of allergens in food 

matrices. For peanuts, two different protocols were developed for the detection of trace peanuts in 

chili pepper spices and wheat flour/cookies. Also, for the wheat flour matrices, two slightly different 

                                                           
40 file:///C:/Users/vdk_m/Desktop/Finale%20doktoraat/Artikels/Europe.pdf 
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protocols gave different outcomes (protocol A and B) and improved/worsened the analysis dependent 

on the precursor peptide. Taking into regard the tremendous amount of different food products, it is 

impossible to set up for every matrix a unique protocol (especially for routine analyses). A more 

realistic objective would be to develop tailored approaches based on matrix similarity, whether rich in 

carbohydrate (such as bread, cookies, etc.), rich in fat (e.g. chocolate bar, chocolate dessert, etc.), 

spices (rich in polyphenols ), etc. (Monica et al., 2018). 

7.10.2. Online access to protein/peptide information 

In order to identify and assess the specificity of the peptides, the UniProtKB database gives access to 

all the protein sequences derived from research literature. However, as already mentioned in 

section 7.6 Identification of peptide markers, this is still incomplete, so in order to facilitate detection 

methods for nuts species less studied, these must be further completed. 

Furthermore, the Allergen Peptide Browser41 assists in the selection of candidate marker peptides. 

This browser is an interactive web tool for accelerated targeted method development utilizing 

published literature data along with in-silico predictions. Besides the used sequences for LC-MS 

purposes, the total amino acid information with its isoforms are presented (see Figure 7- 5). If the 

same peptides for a given allergenic protein are detected in independent studies and in multiple 

matrices, these peptides can be standardized (Croote & Quake, 2016). However, many factors affect 

the presence or intensity of peptides during LC-MS, as addressed earlier, by matrix component 

interactions, sample preparation protocols, LC column and pressure, mass analyzer type and, 

experimental run mode. Consequently, it was not assumed before that proteotypic peptides can be 

robust for these factors, and in the light of this, that shotgun proteomic experiments prior to any 

targeted assay development have to be performed first (Croote & Quake, 2016). This approach is still 

worthwhile when the peptide targets are unknown, however, due to the multiple data information 

present know, this step may become unnecessary for highly studied allergens. 

                                                           
41 https://www.allergenpeptidebrowser.org/?pub 
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Figure 7- 7. Sequence and reference information of the peanut peptide NLPQQQGLR (Vandekerckhove et al., 

2017). 

7.10.3. Test materials 

As also mentioned in the work of Monica et al. (2018), is the used food matrix (e.g. roasted vs. raw 

nuts in cookies/rice/spices, etc.) one of the most important parameters for the methods’ development 

and validation process since this significantly influences the test outcomes. Therefore the used matrix 

must be accurately discussed during any novel method development and validation study. 

Despite the widespread use of foods spiked with the allergenic ingredient, only a few report the 

performance characteristics assessed in “incurred” matrices. However, this last leads to poorer 

sensitivities and gives more realistic results concerning the impact of food processing on the 

extractability, digestibility, and detectability of the proteins. 

Therefore, to fully understand the impact of processing on the methods’ performance, fully 

documented realistic reference materials must be produced which can be stored and distributed easily 

between different research centers. In our work, the incurring of the wheat flour matrices and chili 

peppers were described. However, validation studies are further needed in terms of storage and 

homogenization and in general, much more certified reference materials must become available. 

Currently, a few attempts are made towards the generation and documentation of test materials, 

highlighting the need for harmonization: 

I) As already mentioned in Chapter 2 section 2.6.1.2 Reference materials, the MoniQa project has 

started to sell ISO-certified validated reference materials since 2017 for the analysis of milk allergens42, 

and reference materials for gluten, egg, and soy are in preparation. 

                                                           
42 http://www.moniqa.org/node/910 
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II) In the AOAC SMPR 2016.002 guidelines, it is recommended to work with following reference 

materials: 

- Whole egg: NIST 844543 (Spray-dried whole egg for allergen detection, National Institute of Standards 

and Technology - NIST)/ LGC SAL-RSM-544 (Freeze Dried Egg Reference Material - Interlaboratory Study, 

LCG). 

- Peanut: NIST2387 (Peanut butter, Sigma-Aldrich)45/ FAL-RFM1017-XXX46 (Peanut, xx mg/kg Allergen 

Reference Material, LCG) 

- Hazelnut: FAL-RFM1015-5047 (Hazelnuts, 50 mg/kg Allergen Reference Material, LCG) 

Up till now, reference materials for other allergens (e.g. pecan, pistachio, walnuts, etc.) are still not 

available. Furthermore, reference materials must be developed containing incurred and processed 

allergenic ingredients. As such, it must be fully documented which ingredients, proportions, and 

conditions of preparation are used (Planque et al., 2017a). By the guidelines of AOAC SMPR 2016.002, 

it is advised that method developers estimate the LOD, LOQ, recovery, and precision data by using the 

matrices given in Table 7- 5. In the work of New et al. (2018), a novel developed MRM method for 

whole egg, milk, and peanuts were validated in ten different food matrices according to these 

guidelines, taking into account the suggested matrices depicted in Table 7- 5. 

III) The ALLERSENS project48 (February 2016 – January 2020, ILVO & CER). In this project, the focus will 

be laid on the development and validation of a quantitative UHPLC-MS/MS methods as a reference for 

the detection of multiple allergens (hazelnuts, peanuts, milk, and eggs) in processed food products. 

Hereby are test materials (cookies, chocolate, etc.) under development in which the allergens 

hazelnuts, peanuts, milk, and egg will be processed in a standardized way. 

 

 

 

 

                                                           
43 https://www.sigmaaldrich.com/catalog/product/sial/nistrm8445?lang=fr&region=BE 
44 https://www.lgcstandards.com/GB/en/advsearch/tab1Search 
45 https://www.sigmaaldrich.com/catalog/product/sial/nist2387?lang=fr&region=BE 
46 https://www.lgcstandards.com/DE/en/Peanut-10-mg-kg-Allergen-Reference-Material/p/FAL-RFM1017-10 
47 https://www.novachem.com.au/shop/product/hazelnuts-50-mg-kg-allergen-reference-material-448919 
48 https://www.ilvo.vlaanderen.be/NL/Werken-bij-ILVO/Archief-vacatures/Allergen-detection-in-processed-
food.aspx#.W1iEs_ZuKjU 
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Table 7- 5. Priority allergen/matrix combinations following the AOAC SMPR 2016.002 guidelines. Table adapted 

from Paez. et al., (2016). 

Whole egg 

 

Cookies /Bread /Dough /Salad dressing /Wine 

Milk 

 

Cookies, baked goods /Infant formula /Wine /Dark chocolate (optional matrix for 

methods that claim a chocolate matrix) 

Peanut 

 

Cookies /Ice cream /Breakfast cereal /Milk chocolate (optional matrix for methods that 

claim a chocolate matrix) 

Hazelnut

 

Cookies /Ice cream /Breakfast cereal/ Milk chocolate (optional matrix for methods that 

claim a chocolate matrix 

 

III) The ThRall project  “Detection and quantification of allergens in foods and minimum eliciting doses 

in food allergic individuals” (30/01/2018) has started49, in which attention will be paid towards the test 

materials: “the matrices will include reference and/or quality control materials already available and 

produce additional complementary materials in a food pilot plant thus mimicking, as far as possible 

“real world” manufactured foods”. 

7.10.4. Harmonization of test results 

As addressed in the work of Monica et al. (2018), there is a need for more harmonization concerning 

the detection of food allergens using LC-MS/MS. The work of Monica et al. (2018) gives a proper 

overview of all the published LC-MS/MS methods developed in the last decades. However, test results 

of different methods are not always comparable due to different test materials and methods to assess 

the methods’ performances. 

1) The different ingredients selected for the incurred matrices will affect the detection sensitivity (e.g. 

roasted peanuts versus raw peanuts gave already significant differences in the test performances, see 

Chapter 3b). Different varieties/cultivars can have an impact on the methods’ performance. As 

illustrated in the work of Wang et al. (2014) is the peanut protein content dependent on the peanut 

varieties. Whereas the genome of an organism is stable, the proteome undergoes constant changes 

depending on variations in protein expression rates due to extra- and intracellular conditions, co- and 

posttranslational modifications, splicing variants, covalent, and noncovalent associations, and spatial 

                                                           
49 http://www.ispacnr.it/en/won-the-efsa-grant-on-food-allergens-thrall-project-getting-started/ 
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and temporal differences in distributions (Guerrera & Kleiner, 2005). Not much is known about the 

impact of different cultivars on the performance characteristics of the detection methods.  

2) A global consensus toward the definition of validation parameters must be established. For example, 

there has often been a lack of agreement within the clinical laboratory field as to the terminology best 

suited to describe the LOD and LOQ values. Likewise, there have been various methods for estimating 

it. A summary of the different LOD and LOQ determination methods is presented in the review of 

Shrivastava & Gupta (2011). In order to have trustful estimations of the LOD and LOQ values, a global 

consensus has to be made concerning: 

- Which methods for estimating the LOD and LOD values have to be used (incl. the minimum required 

replicates). 

- How many transition-precursor fragments have to be detected for one single allergenic ingredient 

and whether or not must these fragments have to be part of different proteins of that allergenic 

ingredient. 

Furthermore, differences in calibration curves can also lead to different estimations of these validation 

parameters. In general, two main strategies are being used to estimate the performance parameters 

(Planque et al., 2019): 

The first one does not use labeled internal standards. The concentration of the target allergen in a 

sample is determined by using an external calibration curve (usually matrix-matched) or by standard 

addition (SAM), i.e. by adding known amounts of an allergen standard solution directly to the sample. 

After peptide area determination after LC-MS/MS analysis, a calibration curve is drawn and the 

allergen concentration in the sample is determined. The use of SAM has been applied during our work 

and that of comparable recent publications covering the same topic (Planque et al., 2017 b; Pilloli, De 

Angelis & Monaci, 2018). 

The second strategy is based on IS peptides. These labeled peptides or proteins function as internal 

standards and can be added at different stages of the protocol (prior to extraction, digestion, 

purification, or injection), in order to correct the peak area of the target peptide by the respective 

labeled peptide. This strategy allows correction of the matrix effects and some protocol steps, 

depending at which step the labeled internal standard is added (Boo et al., 2018; New et al., 2018; 

Planque, et al. 2017 b). 

3) A factor that also needs consideration are the reporting units used along all the different studies 

(either whole ingredient of its protein content). The use of different reporting units makes it also more 

tedious to compare different test results with each other. As already mentioned earlier in section 7.7 
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Food allergen quantification, there is still a lack of conversion factors between reporting units. It is 

impossible to compare results expressed in different units so the conversions and any uncertainty 

associated with these are required. Nowadays regulatory bodies define food allergens as the whole 

food commodity (Monica et al. 2018). However, risk assessment methods, like VITAL, focus on the 

protein components. As such, a global agreement must be made to report the results as whole 

ingredient or as total protein content. 

4) Validation studies can be conducted as part of the method development process, conducted by the 

method users to implement the methods in their own laboratories (part of quality assessment/control 

requirements) or conducted as part of various processes which can be led by regulatory agencies (e.g. 

the FARRP) or international organization (e.g. AOAC international). Currently, little validation data is 

available to compare the methods for detecting traces of food allergens. Instead, like is the case for 

other analytical testing purposes (e.g. antibiotic testing), accredited proficiency testing must be 

organized to test the accuracy of the routine methods. Since no routine methods and reference 

materials and standards exist for food allergens at an international level, this is difficult to organize. 

Confirmatory/reference methods are also not yet established, which makes comparison and 

performance testing rather difficult. Up till now, chosen detection methods with in-house prepared 

reference materials are used for ring tests. Clear guidance on validation protocols is required to enable 

the generation of validated data. 

In practice, laboratories can still choose the manner in which they determine method performances. 

In the work of Planque et al., (2017 b), an examination has been made how different choices might 

affect the determined sensitivity of LC-MS/MS methods. The focus was laid on egg proteins in incurred 

and spiked cookie matrices. In their work, the LOQ was defined as the lowest concentration of analyte 

corresponding to an S/N higher than 10. In the incurred cookie matrix, having undergone heating at 

180 °C for 18 min, the LOQ was approximately 3 mg total egg proteins/kg. When processing was longer 

(36 min at 180 °C), the threshold S/N value was not reached at this concentration. The use of spiked 

rather than incurred cookie matrix increased the S/N ratio nearly 7-fold and when the 3 mg/kg value 

referred to milligrams of soluble proteins rather than total proteins, the S/N ratio was even higher. 

5) Furthermore, there is still a lack of global consensus regarding allergen threshold levels. Allergen 

risk assessment and management approaches are being increasingly used by the food industry that 

are founded on clinical data collected in food-allergic subjects undergoing oral food challenges in which 

the allergenic component has been defined in the mass of the protein that causes an allergic reaction 

(Nitride et al., 2018). This is important for several issues. For example, it is still difficult to optimize 
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novel detection systems if no global harmonized threshold levels are set since the detection limits of 

the analytical methods depend on the sensitivity thresholds of the allergic patients. 

Also, if no thresholds are set, how safe is safe and how clean is clean regarding trace allergens in food 

products. And when do food products have to be labeled with precautionary labeling (“may contain”)? 

These are questions which are still under full debate. The holistic approach used within the iFAAM 

project aimed already to link the data from clinical studies to the allergen risk assessment and 

management approaches and the analytical measurement (Nitride et al., 2018). 

Currently, since the European Food Safety Authority (EFSA) has not yet recommended European-wide 

reference doses, individual countries are taking their own responsibilities, each at a different direction. 

For example, Germany, Belgium, and the Netherlands have published food allergen reference doses, 

which do not match and differ as much as 100 times50 (see Table 7- 6). This is because not enough valid 

data exists concerning the different levels of protection based on the proportion of reaction to an ED 

in a sensitive population. The German enforcement authorities set reference doses and respective 

action doses derived from VITAL 2.0 back in 2014 (Waiblinger & Schulze, 2018). Above these action 

levels, enforcement authorities must take action. However, a Dutch scientific committee did not adopt 

these VITAL reference doses due to the lack of information on how reference doses are derived within 

the VITAL system51 and set significantly lower action level values. These action levels are extremely low 

and difficult to achieve with current analytical detection methods (ranging between the 1 – 10 ppm). 

How these can be practically monitored is not discussed in their statement. Most recently, the Belgian 

scientific committee of the Federal Agency has also set their own reference doses, which differ about 

10 and 100 times respectively from the German and Dutch reference values. In 2017, a new advise 

(ADVIES 24-2017) has namely been published by the SciCom (scientific committee) of the FASFC in 

which new (provisional) reference doses are proposed for risk assessment strategies52. In this report, 

the Committee proposes the lower limit of the 95 % confidence interval of the ED05 values to be used 

as reference dose for the risk assessment of food allergens. In this context, the reference doses for the 

peanut and nut allergens were estimated to be higher (respectively 1.1 mg and 0.5 mg total proteins), 

except for cashew (0.6 mg total proteins). However, these values are also only voluntary and 

provisional to be used for allergen risk assessment by the food industry. 

                                                           
50 https://www.focos-food.com/food-allergen-reference-dose-quo-vadis/ 
51 https://www.nvwa.nl/binaries/nvwa/documenten/consument/eten-drinken-roken/overige-

voedselveiligheid/risicobeoordelingen/advice-on-preliminary-reference-doses-for-food-

allergens/Advice+preliminary+reference+doses+roof+allergens+2016.pdf. 
52 http://www.afsca.be/wetenschappelijkcomite/adviezen/2017/_documents/Advies24-2017_SciCom2017-

01_referentiedosissenallergenen.pdf 
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Table 7- 6. Action limits proposed in Belgium, Germany, The Netherlands, and by the VITAL 2.0 program.  

Allergen 

Belgium Germany The Netherlands VSEPR 1 

Proposed 

reference 

dose (mg 

protein) 

For a 

serving 

dose of 100 

mg  (mg/kg) 

Proposed 

reference 

dose (mg 

protein) 

For a 

serving 

dose of 100 

mg  (mg/kg) 

Proposed 

reference 

dose (mg 

protein) 

For a 

serving 

dose of 100 

mg  (mg/kg) 

Proposed 

reference 

dose (mg 

protein) 

For a 

serving 

dose of 

100 mg  

(mg/kg) 

Peanut 1.1 11 0.2 2 0.015 0.15 0.2 2 

Milk 1.2 12 0.1 1 0.016 0.16 0.1 1 

Egg 0.3 3 0.03 0.3 0.0043 0.043 0.03 0.3 
 

1 Vital Scientific Expert Panel Review (Taylor et al., 2014) 

Since the ThRall project  (which is running until +/- 2022) stated that no sufficient data to base a 

recommendation upon is available at this time, no European-wide reference doses will be 

recommended soon, resulting in uncertainties for the food industry and consumers. During this ThRall 

project, the focus will therefore also been laid on the generation of good quality data on Minimum 

Eliciting Doses (MED) and Minimum Observed Eliciting Doses (MOED), which can help to set up 

harmonized threshold levels. However, even if European doses will be established, the goal towards 

universal global threshold values is still far out of reach…. 

In general, it is clear that this situation will increase the complexity of the food allergen risk assessment 

since different countries will work with their own threshold levels. Are allergic consumers than more 

protected in the Netherlands, or more restricted regarding their food choice? And what with food 

products distributed over the different EU countries? How sensitive must analytical methods have to 

be, and overall, at which level action must be taken? Overall, this complexity will lead to more risk for 

errors and product recalls, and lead to more confusion towards the allergic patients who must decide 

every day what is acceptable to consume. 
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PART II: Food allergy diagnosis – Double-blind, placebo-controlled food 

challenges 

7.11. General summary 

The aim of Part II was to develop standardized DBPCFC matrices which can conveniently be 

implemented in routine by the daily clinical practice. To date, there are only a few publications in which 

developed challenge materials were sufficiently validated, even when DBPCFCs are used in plenty of 

provocation studies (Vlieg-Boerstra et al., 2011; Cochrane et al., 2012; González-Mancebo et al., 2017). 

In Chapter 5, a novel chocolate dessert has been successfully developed for the blinding of hazelnuts 

to produce a hazelnut dilution series starting at a low hazelnut dose (see section 7.12.3 The allergen 

doses). In Chapter 6, the developed matrix of Chapter 5 was further optimized in order to blind the 

allergenic ingredients milk and egg which can be used for at home challenges (see section 7.12.1 The 

provocation setting). In general, the DBPCFC matrices consist of a powder mix that results in a cold 

chocolate dessert after the addition of water. In the following section, considerations about the 

general criteria for these matrices (see section 2.2.1.5 Oral food challenges) will be discussed. 

Subsequently, the clinical implications of the developed will be presented in section 7.13 Clinical 

implications. Finally, the considerations and future perspectives will be given in the final section of this 

chapter. 

7.12. Considerations of the general criteria for DBPCFC matrices 

7.12.1. The provocation setting 

Hazelnut allergy is a form of an IgE-mediated allergy which is characterized by a direct immune 

response after consumption of the culprit food. When performing DBPCFCs for IgE-mediated food 

allergies, these have to be performed in a clinical setting since food allergic reactions occur 

immediately after food consumption. The performed hazelnut challenges, reported in Chapter 5, were 

therefore carried out in the ambulatory surgery unit of the University Hospital Ghent and supervised 

by a dermatologist experienced in provocation tests and a specialist in Anesthesia and Resuscitation. 

In Chapter 6, the matrices were developed in order to blind the allergenic ingredients milk and egg 

which can be used for at home challenges. As discussed in Chapter 2 section 2.2.1.5 Oral food 

challenges, the home reintroduction/challenges of specific allergens may not be acceptable in patients 

with severe forms of non-IgE-mediated food allergy and IgE-mediated allergies (Venter et al., 2013). 

During our work, the patients’ allergic history was well determined by the pediatrician (no anaphylactic 

reactions, no indications for IgE-mediated allergies, reported signs and symptoms, etc.) before starting 

the at home challenges. 
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7.12.2. Allergenic potential of allergenic ingredients 

During our work, we aimed at using allergenic ingredients which retained as much as possible their 

allergenic potential (see section 7.14.2.2 Matrix effects). Therefore, the processing steps of the used 

ingredients must be fully known. To limit the potential impact of further processing on the allergenicity 

of the allergenic ingredients, the production of a cold matrix was chosen during our work. 

7.12.2.1. Hazelnuts 

In Chapter 5, raw non-defatted blanched hazelnuts were used as allergenic ingredient since roasting 

of hazelnuts alters the allergenicity of the heat labile allergens (see Chapter 5 section 5.4 Discussion). 

Blanched hazelnuts (from which the testa has been removed) were used because the dark testa is 

difficult to mask, both visually and in taste. This was also shown by previous work, in which the portions 

with 300 and 1000 mg of hazelnut proteins (corresponding to resp. 1.9 and 6.4 g hazelnuts in a 15 g 

dry oatmeal matrix) could not be masked properly due to the dark testa (hazelnuts were visible) 

(Wensing et al., 2002). Blanched hazelnuts are mostly used by the food industry in confectionary 

products, so these blanched hazelnuts are a good representative for the hazelnuts used in most of the 

food products (Barrett, Somogyi & Ramaswamy, 2005). However, despite the assumption that this 

blanching will not lead to a significant reduction in allergenicity, this must be further investigated as 

the dark testa has a protein content of about 8 % (Özdemir et al., 2014). 

As mentioned in Chapter 5, only low-level matrices were developed earlier for hazelnuts using defatted 

hazelnuts (Cochrane et al., 2012). However, it has been proven that defatting removes oil-body 

associated allergens which can provoke severe allergic reactions (Zuidmeer-Jongejan et al., 2014). 

During our work, we achieved to homogenize the non-defatted nuts at low doses, even when the high-

fat content of hazelnuts (+/- 61 % w/w) makes homogenization rather difficult. To do so, raw blanched 

hazelnuts were ground and rolled to obtain a hazelnut paste. The hazelnuts were then packaged under 

vacuum conditions and stored in the dark at ambient temperatures (20 °C). 

7.12.2.2. Milk and eggs 

For the milk and egg matrices developed in Chapter 6, freeze-dried powders were used which can be 

easily masked and mixed in the DBPCFC matrices. Freeze-dried powder of raw whole eggs was used 

since egg allergens are very prone to modification through heating in order to guarantee maximal 

allergenicity (Verhoeckx et al., 2015). Despite the fact that no effects of freeze-drying on the 

allergenicity of the eggs/milk has already been shown, more research should examine this (see 

Chapters 5 and 6). 

As mentioned in Chapter 6 section 6.4 Discussion, eggs are mostly used in heated and processed food 

materials (cookies, pancakes, etc.), however few products use minimally heated or raw eggs such as 
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freshly prepared mayonnaise and chocolate mousse. Since the egg yolk is more difficult to mask in 

food matrices (distinct color, taste), the egg yolk has mostly been left out in earlier published works 

(González-Mancebo et al., 2017) since most allergenic proteins are present in the egg white in 

comparison to the egg yolk. In our opinion, it is important to include both fractions in the DBPCFCs 

because both fractions contain allergens. 

For the milk matrices, semi-skimmed, lactose-free ultra-high temperature (UHT) milk was chosen since 

unprocessed milk consumption is rare in developed countries, especially when used in food products 

(Verhoeckx et al., 2015). A lot of processing steps are needed to produce this milk. Normally, upon 

harvesting, milk is cooled to 4 °C and stored and transported in stainless steel tanks at 4 °C. Then the 

milk is centrifuged in order to separate the milk fat from the skimmed milk residue. The next step is 

the industrial addition of milk fat to the milk in a determined ratio. This ratio determines the type of 

milk produced: skimmed milk (1 % or less fat), semi-skimmed milk (2 %) or whole-milk (>3.25 %) 

(Verhoeckx et al., 2015). In the work of Sletten et al. (2012), the differences in fat levels of the milk did 

not appear to influence the proteolytic digestibility on milk proteins’ immunogenicity. 

To sterilize the milk, heating steps are required. The most commonly used heat treatment conditions 

are pasteurization (heating milk to 70–80 °C for 15–20 seconds), sterilization (110–120 °C for 10–20 

minutes), and ultra-high temperature (UHT) processing (135–145 °C for 0.5–4 seconds). UHT milk was 

chosen since this is the most representative form of milk processing in Europe. UHT processing 

destroys both spores and pathogens, and no/little Maillard reaction occurs which minimizes the impact 

on the color and taste of the milk. It has been observed that severe technological processes (like UHT-

processing) did not destroy the total immunoreactivity and allergenicity of cows’ milk protein epitopes 

(Wróblewska & Kaliszewska, 2012). Yet, this impact should be further investigated, especially for non-

IgE milk allergies (Verhoeckx et al., 2015). 

To produce lactose-free milk, the milk has been treated with lactase. This milk is produced for people 

having lactose intolerance. This was done since there is confusion between lactose intolerance and 

milk allergy among both patients and physicians (Walsh et al., 2016). The management of these 

conditions is namely distinctly different, and an inappropriate recognition or management may have 

significant implications for the patient. 

7.12.3. The allergen doses 

In Chapter 5, a dilution series of hazelnut matrices was produced, ranging from a low-level start dose 

(5 µg hazelnut proteins) to a high-level end dose (432 mg hazelnut proteins). As mentioned earlier, 

hazelnut allergy is a form of an IgE-mediated allergy which is characterized by a direct immune 

response after consumption of the responsible food allergens. When developing a dilution series, the 
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homogeneity must be evaluated. This was done using the UHPLC-MS/MS method developed in 

Chapter 3a. A high regression coefficient was achieved after evaluating the hazelnut dilution series (r2 

= 0.999). 

As mentioned earlier, in Chapter 6, milk and egg matrices were developed for oral provocation 

challenges at home. During our work, half of the portions were given the first week, and if no 

complaints occurred in this week, the full portions were administered the second week. For the milk 

matrices, our work was based on the study of Dambacher et al. (2013) for milk DBPCFCs, where a top 

dose of 1620 mg cow’s milk proteins (CMPs) at one day was administered in 90 mL drinks to 124 

children with suspected CMA. In our study, the top dose was 1850 mg (in a 98.1 g portion) CMPs, so 

the risk for false negative results will be lower than in the above-mentioned study. For the egg 

matrices, in our study, a top dose of 1590 mg (in a 98.1 g portion) egg protein was used. The top doses 

for egg used during this research, (3.41 g egg or 1.59 g egg protein in a portion of 98.6 g) were similar 

as those used by Sicherer, Morrow & Sampson (2000) (top doses of 2.5 g milk and egg, in which the 

allergenic ingredients were given in liquid forms as apple juice, cranberry juice, or grape juice – total 

quantities not specified), Vlieg-Boerstra et al. (2004) (top dose of 1.75 g whole egg proteins in 445 mL 

fruit puree), and Libbers et al. (2013) (top dose of 1.75 mg egg proteins in vanilla pudding, pancake, 

and minced meat). 

As stated previously in the work of Sampson et al. (2012), 2 g of allergenic ingredient should minimize 

the rate of false negatives, but further experiments are required. However, there is still a chance for 

false negative results if the threshold to respond is higher than the dose achieved during the challenge, 

i.e. larger quantities of allergen are needed to produce a reaction. As mentioned earlier, more research 

can be conducted to increase the top doses of the matrices without unblinding the allergens. Only the 

work of Vlieg-Boerstra et al. (2011) described matrices where the top doses where higher for the milk 

and egg proteins (2.8 g and 4.0 g proteins respectively), however, these matrices were not suited for 

our purposes, as discussed in Chapter 6. This could explain the two negative responders during the 

hazelnut provocation challenges, having a well-documented history for hazelnut allergy (both having 

a mild Cor a 1 hazelnut allergy). In the case of subjective symptoms and during unclear situations, it 

has been suggested in the report of Ahrens et al. (2014), to prolong the observation time until the next 

dose or repeat the same dose. More research can also be done to increase the top dose (increasing 

the allergen concentration in the matrices without risking the unblinding or increasing the volume of 

challenge materials without risking nausea and disgust). 

Since for IgE-mediated food allergies, a series of allergen doses are given to the patients, an 

appropriate dosage schedule must be administered. A full overview of the types of schedules is 
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reported in the work of Sampson et al. (2012). Our work focused on the development of low-level 

matrices, in the first instance, to observe the lowest observable adverse event levels (LOAELs) and no 

observable adverse event levels (NOAELs). Second, evidence suggests that higher starting doses are 

associated with more severe reactions during the challenge. Starting doses at the low milligram level 

are generally considered safe and seemed to result in fewer severe reactions than higher doses 

(Sampson et al., 2012). However, when starting at the low microgram level, it is more difficult to 

achieve meaningful top doses with acceptable increments in a suitable period of time. Therefore, a 

combination of logarithmic and semilogarithmic increases, adapted from the work of EuroPrevall, has 

been performed during our work (Cochrane et al., 2012). 

7.12.4. The blinding of the allergenic ingredient in the matrix 

Instead of the most applied triangle test (following ISO 4120:200453), which focusses on differences 

between matrices whatever the attribution of difference is, the sensory test performed during this 

study was specifically adapted for its purpose because small differences do not necessarily predict 

recognition of the allergenic ingredient (see Chapters 5 and 6). In general, no significant difference was 

observed in the verum and placebo samples, it can be presumed that the allergens were sufficient 

masked. Furthermore, it can be assumed that comparison of the placebo with verum matrices during 

the clinical challenges will not be an issue since the matrices will be given on separate days/time 

periods. Despite this, only preclinical testing can guarantee that the allergenic ingredient will not be 

unblinded during the challenges. During the preclinical tests of milk and hazelnuts, the verum samples 

were not deciphered from the placebo series. Therefore we can conclude that these matrices were 

blinded successfully and will minimize the psychological placebo-effects for the patients and the 

healthcare professionals. However, during our work, it must be mentioned that it was not feasible to 

work with professional panelists, so if required, the validation of the blinding must be further 

evaluated. 

For the hazelnuts, the typical hazelnut flavor, lemon, and coconut flavor together with vanilla extract 

were used to mask the hazelnut flavor. Although peppermint syrup has been used earlier 

(Ortolani et al., 2000), this flavor was excluded during our work to prevent adverse reactions (dislike, 

nausea, etc.). Namely, most panelists of preliminary sensory tests disliked this flavor. For milk and egg, 

vanilla extract and caramel syrup were used. 

7.12.5. Microbial stability and shelf live 

The stability of the preparations was assessed by determining the aw-values and the microbial 

contamination. For the hazelnuts and all the powder mixes, the aw-values were low enough to inhibit 

                                                           
53 https://www.iso.org/standard/33495.html 
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bacterial and mold growth (resp. aw ≥ 0.91 and 0.8). In addition, no relevant microbial spoilage was 

observed by organisms (E. coli, Bacillus cereus, and Salmonella) typically associated with microbial 

contaminants of milk, egg products, and confectionery-related food products with low water activity, 

after at least six months of storage at room temperature (20 °C). 

7.12.6. Convenient use of the matrices 

This project focused on the development and evaluation of a novel, easy-to-use matrices which can be 

used in a standardized way in the daily clinical practice. Therefore, during this dissertation, DBPCFCs 

matrices were developed which can be easily used in clinical practice in a standardized way and by 

multiple centers to allow comparison of test results. For the milk and egg matrices, it has been made 

possible to prepare the matrices at home freshly, without having to know in which series the allergenic 

ingredient is present. However, it has to be noted that for the hazelnut matrices, there is still staff 

required to prepare the verum and placebo series since the hazelnuts have to be freshly added to the 

powder mixes prior preparation. This can be solved by working with dry hazelnut powder, which can 

be mixed easily in the powder mix, as has been done earlier in many DBPCFC clinical studies, whereby 

an extra staff member is not needed (Cochrane et al., 2012; Vlieg-Boerstra et al., 2011). However, the 

utilization of fresh hazelnut paste instead of dry hazelnut powder was preferred during this work to 

guarantee as much as possible the allergenicity of the hazelnuts. In our opinion, the preparation can 

easily be performed in a clinical setting by an extra staff member which is not the case for the at home 

challenges. 

Finally, to allow the comparison of the DBPCFCs’ outcomes, standards must be followed to report 

results, including which symptoms are classified as subjective or objective and which outcomes 

constitute a positive challenge result (see Appendix 5.3.: Evaluation form DBPCFC hazelnuts). For the 

hazelnut challenges, the scoring system of Sampson et al. (2012) was applied (see Appendix 5.3.: 

Evaluation form DBPCFC hazelnuts). For the milk challenges, a fill-in form was given in the form of a 

booklet, which had to be filled in every day (see Appendix 6.1.: Evaluation form DBPCFC milk). 

7.12.7. DBPCFC matrix ingredients 

During this research, attention was paid that no major allergenic ingredients were present in the 

matrices (no milk, eggs, wheat, oats, tree nuts, peanuts, gluten, crustaceans, fish, lupine, celery, 

mollusks, mustard, sesame seeds, soya), so most food allergic patients are able to tolerate the matrices 

produced in this study. 

7.13. Clinical implications 

The development of easy to use, standardized, and properly validated vehicles for DBPCFCs helps to 

implement this test more frequently in a standardized and reproducible way in common clinical 
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settings. This work describes the production and evaluation of novel DBPCFC vehicles for raw hazelnuts 

(at low doses), milk and raw egg, which can be used conveniently in routine practices. This matrix has 

the potential to be implemented for other food allergens and for the following purposes: 

1) The diagnosis of a food allergy in food allergic patients. This test is of added value for particular 

reasons: e.g. to exclude/confirm a possible food allergy when other in vivo/in vitro tests are producing 

contradictory or inconclusive results, to evaluate if patients have outgrown their allergy, and to assess 

the severity of their reactions. It must be mentioned that oral food challenges (OFC), like the DBPCFC, 

must be thoroughly considered if needed since this is test is time-consuming, labor-intensive, and 

carries risk (Sicherer & Sampson, 2018). As mentioned in Chapter 2 section 2.2.1 Overview of the food 

allergy diagnostic methods, it must be appreciated that diagnosis is not generally based on a single 

test. A stepped approach is usually used, in which history can lead to test selection, and the result of 

that test (e.g. SPT and/or sIgE measurement) can be used to determine whether an OFC is justified and 

appropriate (Sicherer & Sampson, 2018). The risks and benefits of performing food challenges must be 

considered as such, including the safety of the setting for conducting the challenge and the expertise 

of those administering the challenge (Sampson et al., 2012). 

2) It would be preferable to have an improved surrogate test to avoid performing OFCs due to the 

above-mentioned limitations of this test method (Sicherer & Sampson, 2018). However, OFCs are 

needed as a gold standard method when comparing different clinical diagnosis methods. For example, 

in the work of Beyer et al. 2015, it was shown that Cor a 1 sIgEs showed little predictive value 

concerning the diagnosis of hazelnut allergy. Furthermore, in the study of Breslin et al. (2016), it was 

shown that basophil activation and peanut-specific IgE are not predictors of threshold doses during a 

DBPCFC. During our work, the IgE-levels of Cor a 1 for hazelnut (determined by the ImmunoCAP 

component-resolved diagnosis) did not always correlate with the severity of the allergic responses. For 

example, patient 7 had 5.35 kUA/L Cor a 1 IgE but experienced already OAS signals after consuming 

verum dose 2 (5 µg hazelnut proteins), whereas patient 2 had 97.9 kUA/L Cor a 1 IgE, but experienced 

only a very mild tingling in the lips after consuming dose 9 (435 mg hazelnut proteins) (see Chapter 5 

Table 5- 3). 

3) Assessment of the allergenicity of food proteins. We refer to section 7.14.1 Assessment of the 

allergenicity of food proteins where this topic will be further discussed. 

4) Performance of clinical studies. Clinical studies using DBPCFCs can be applied for several purposes: 

- The determination of threshold levels of specific food allergens (see Chapter 2 section 2.3.2.2 PAL, 

PAL, risk assessment, and threshold levels); 

- The prevalence determination of specific food allergies in particular geographic areas; 
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- For immunotherapeutic and prevention trials. For example, the current LEAP study for peanut allergy  

To conduct prevalence studies, DBPCFCs are of utmost importance, since in most cases the incidence 

of self-reported adverse reactions to food exceeds the challenge-proved incidence by up to a factor of 

ten (Nwaru et al., 2014, Sampson et al., 2012). Furthermore, with the increasing number of primary 

prevention trials for food allergy being globally conducted (e.g. the LEAP study54) and the pivotal role 

that the DBPCFC plays in interpreting the outcomes of these trials, it is imperative that investigators 

use a standardized approach. 

7.14. Considerations and future perspectives 

7.14.1. Assessment of the allergenicity of food proteins 

In order to investigate the food processing effects of above-mentioned food allergens, it is clearly 

advisable to ascertain the allergenicity of the allergens in follow up studies. 

To assess the allergenicity of food allergens, food allergy diagnostic methods can be used (see 

Chapter 2 section 2.2.1 Overview of the food allergy diagnostic methods). Instead of diagnosing a 

specific food allergy in patients using tests with known/standard allergens/allergen extracts, in this 

case, the serum of well-diagnosed patients will be included in the test in which the allergens (different 

extracts, different processed food matrices, different sources etc.) will be changed. As is also the case 

for food allergy diagnosis, no standardized methods are yet established. 

Since the DBPCFC is still the gold standard in food allergy diagnosis, the assessment of the allergenicity 

of processed food allergens is still the best method to assess the allergenicity of food allergens, as has 

been done in earlier studies (Ballmer-Weber et al., 2002; Worm et al., 2009). The provocation matrices 

developed during this dissertation could be applied to assess the allergenicity of processed food 

materials (e.g. UHT-milk vs. pasteurized milk). 

As already mentioned, it has to be taken into account that DBPCFC is a very labor-intensive and costly 

procedure. A lot of allergic patients have to undergo this oral provocation test to acquire sufficient 

significant data. However, for non-IgE-mediated food allergies, this is still the only method. To our 

knowledge, not many studies concerning the impact of allergen processing on non-IgE-mediated food 

allergies have been published. For IgE-mediated allergies, the IgE’s in the patients’ serum can be 

applied to assess the significant change in binding capacities of these antibodies on the antigens during 

processing etc. For example, in the review of Verhoeckx et al. (2015), the impact of processing (heat 

and non-heat treatment) on the allergenic potential of proteins was considered mainly on the antigenic 

(IgG-binding) and allergenic (IgE-binding) properties of proteins. Immunochemical methods depend on 

                                                           
54 http://www.leapstudy.com/leap-study-results#.W65pyPZuKVi 
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IgE that is present in allergen-specific polyclonal animal sera or human patient sera to bind to 

molecules bound to solid matrices like cellulose (enzyme allergosorbent test - EAST, Immuno-CAPs, 

component-resolved Diagnosis -CDR) or nitrocellulose (western blotting) (Sun et al., 2015). These 

enzyme immunoassays and western blottings have been commonly used in determining the allergenic 

potential of food proteins and for the clinical diagnosis of food allergy (Sun et al., 2015). As mentioned 

in Chapter 2 section 2.2.3.4 Diagnostic methods, the difference between the CRD and other IgE-

targeting methods is that IgE-binding to specific proteins in a particular food might provide more 

specific diagnostic information than tests that report IgE-binding to extracts comprised of mixtures of 

proteins (Sicherer & Sampson, 2018). 

It must be stated that using only IgE-binding tests to study the effect of food processing is insufficient 

to fully assess the degree of allergenicity of the (modified) protein; the impact of processing on cross-

linking and cell degranulation activity must also be considered. This is the case as processing-induced 

modifications are likely to affect the availability of multiple epitopes required for effective cross-linking 

of cell surface-bound IgE’s. (Sun et al., 2015). For in vivo methods, allergenicity of food allergens can 

be assessed using the basophil activation tests (BAT) (see Chapter 2 section 2.2.3.4 Diagnostic 

methods) (Hoffmann et al., 2015), or the variant rat basophil leukaemia cell (RBL) testing (Nakamura 

et al., 2010; Sun et al., 2015). These are both in vitro diagnostic methods, using the activation of 

basophil cells due to the cross-linking of IgE-antibodies after antigen binding. To perform BAT, the 

basophils isolated from human peripheral blood are needed. The RBL test uses cell lines of rat basophil 

leukaemia cells. The RBL has been seen as an alternative for the BAT tests since this latest test suffers 

from a few disadvantages that limit their widespread use, like the processing of blood samples 

immediately after collection of the blood of food allergic patients. Yet, both methods are still under 

investigation to estimate the predictive power of the allergenicity of the allergens (Sun et al., 2015). 

During this work, the BAT test has been conducted to assess the allergenicity of the rolled blanched 

hazelnuts (see Chapter 5). For the three patients tested, basophil activation was observed even for the 

least sensitive patient. This suggests a retained allergenic potential of the blanched hazelnuts. The 

trend curves of the BAT-responses towards different hazelnut protein concentrations were 

comparable as described in the work by Hoffman et al. (2015) (see Figure 7- 8). However, the BAT tests 

were not performed yet on raw, non-rolled hazelnuts, so the first insights regarding the impact of 

blanching and rolling could not be determined. This should be assessed in follow-up studies, whereby 

differences in basophil reactivity and changes in sensitivity after exposure of different hazelnut 

extracts can be determined (Hoffman et al., 2015). To illustrate this, the study of Worm et al. (2009) 

investigated the impact of native, heat-processed, and encapsulated hazelnuts on the allergic response 

in hazelnut-allergic patients using different diagnostic methods such as the SPT, the BAT test, and 
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DBPCFC. In this context, both the processing effects on the hazelnut allergenicity as the reliability of 

the diagnostic procedures were investigated. Their data showed that heat processing of hazelnuts 

reduces its allergenicity. SPT but also the BAT could be used to determine the reactivity of an allergen 

extract. Finally, as addressed in section 7.4 Sample processing protocols, food allergen extraction 

methods are of utmost importance for the reliable detection of food allergens in food matrices. This is 

also the case for food allergen diagnostic methods, such as the BAT test. Since the allergenicity of the 

allergens can also be affected by the extraction protocol (e.g. presence of proteases), this must also 

be considered with caution. In the work of Platteau et al. (2010), a comparison was made between 

two extraction procedures to assess the impact of the extraction methods on the allergenicity of 

hazelnut allergens using BAT. Our BAT extraction protocol was adapted from this work, from which the 

least impact on the allergenicity was observed (see Chapter 5). However, more experiments must 

investigate the impact of the extractability on the impact of the allergenicity. 

 

Figure 7- 8. Characteristics of the basophil dose–response curve. Plotting of immunoglobulin (Ig)E-mediated 

basophil activation with increasing antigen doses leads to above represented dose–response curves. (A) The 

maximal dose response is also known as basophil reactivity, and (B) the effective dose at 50% of the maximal 

dose response (ED50) is also referred to as basophil sensitivity. (C) Another method of comparison of basophil 

curves could use the area under the curve (AUC) *Refers the supraoptimal part of the dose–response curve. 

Namely, at high allergen concentrations, basophil response may be suppressed. Figure adapted from Hoffmann 

et al. (2015).Assessment of the allergenicity of food allergens 

7.14.2. DBPCFC food matrices 

The matrices used in DBPCFCs must be well documented. As addressed beforeConsiderations of the 

general criteria for DBPCFC matrices, these matrices must fulfill a number of criteria. Some major 

considerations will be discussed in this section, except for the processing of the allergenic ingredients, 

which was discussed earlier in section 7.14.1 Assessment of the allergenicity of food proteins. 
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7.14.2.1. DBPCFC matrix ingredients 

1. Allergenic ingredients 

Since no allergen reference ingredients are yet available to perform the DBPCFCs with, the used 

allergenic ingredients in the matrices have to be fully characterized since different allergen sources 

can give different test outcomes. 

For the hazelnuts, for example, geographical variation of the allergenic content has been seen. 

Differences in the gene transcription levels of Cor a 8 and Cor a 11 were found for example, when 

comparing different cultivars among themselves and when comparing different years of harvest and 

ripening stages (Garino et al., 2013). More research can be conducted to understand the influence of 

genetic background, climate, time of harvesting etc. which might influence the proportion of the 

allergenic proteins and as such, investigate if this can have a significant influence on the results of the 

DBPCFCs (especially when determining threshold levels). During this research, Turkish hazelnuts were 

chosen because these accounts for more than 70 % of the global hazelnut distribution (GüNey, 2014). 

As described in Chapter 2 section 2.2.1.2 In vivo skin prick test, different skin prick extracts can give 

different test results so more research should be done to fully understand the allergen content present 

in the SPT extracts. The same applies for the DBPCFC matrices. The protein content of the added 

allergenic commodities should be fully known, so results can be expressed in terms of allergenic 

proteins and not only per volume total proteins. 

2. Ingredients 

As mentioned in section 7.12.7 DBPCFC matrix ingredients, attention was paid that no major allergenic 

ingredients were present in our developed matrices. However, it must be taken into account that all 

the food ingredients present in the matrices can also cause in rare circumstances food adverse 

reactions. 

First, since soy accounts as one of the major food allergens (see Chapters 5 and 6 Table 5- 1 and Table 

6- 1) sunflower lecithin was used instead of the most frequently used soy lecithin in food products. 

Lecithin is a yellow-brownish fatty substance, which is amphiphilic and is as such used for smoothing 

food textures and homogenizing liquid mixtures. However, it has been reported that sunflower seeds 

are a rare source of allergy, and several cases of occupational allergies to sunflowers have been 

described yet (Ukleja-Sokołowska et al., 2016). 

Stevia has been used as a natural, low caloric sweetener used in various foods today. To reduce the 

sugar content in the matrices, and for its particular taste which helped to mask the allergenic 

ingredients, stevia has been used as ingredient in the DBPCFC matrices. However, stevia is produced 
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from the plant Stevia rebaudiana, a plant belonging to the Asteraceae family (Urban, Carakostas & 

Taylor, 2015). Many plants from this family can induce hypersensitivity reactions via multiple routes of 

exposure (e.g., ragweed, goldenrod, chrysanthemum, Echinacea, chamomile, lettuce, sunflower, and 

chicory). Based on this common taxonomy, some media reports and resources have issued food 

warnings alleging the potential for stevia allergy (Urban, Carakostas & Taylor, 2015). In the work of 

Urban Carakostas & Taylor (2015), it was concluded that neither stevia manufacturers nor food allergy 

networks have reported significant numbers of any adverse events related to ingestion of stevia-based 

sweeteners, and there have been no reports of stevia related allergy in the literature since 2008. 

7.14.2.2.  Matrix effects 

Diagnostic and accidental food allergic reactions may be modified by the matrix containing the 

allergenic foods. For example, previous studies of DBPCFCs with peanut showed an effect of the fat 

content of the challenge matrix on the severity of the challenge reactions. In a study conducted in 

2003, the subjects reacted after consumption to a lower fat peanut recipe (22.9 %) more severely than 

was anticipated to an initial peanut challenge, containing a higher fat content (31.5 %)(Grimshaw et 

al., 2003). However, no matrix effect in double-blind, placebo-controlled egg challenges in egg allergic 

children has yet been reported (Libbers et al., 2011). 

During this research, the fat content of the matrices was kept at < 25% of the total energy so a delayed 

absorption due to a high-fat content will be minimized (Vlieg-Boerstra et al., 2011). More research can 

be done to assess the matrix effects of the applied matrices (e.g. comparison of electing doses using 

different matrices as done in the study of Libbers et al. (2011). 

7.14.3. Clinical study 

For the hazelnut DBPCFCs, eight patients with a well-diagnosed hazelnut allergy were included for a 

preclinical test. However, since this was the first time that this test was performed using these 

matrices, only patients with a history of a mild hazelnut allergy (Cor a 1 allergy) were included for 

safety purposes. Not surprisingly, the symptoms they experienced during the challenge were 

subjective in most cases. Further studies must be conducted including more severe allergic patients 

(allergic to Cor a 8, 9 & 14 allergens) and children. As addressed by Sampson et al. (2012), it is important 

to stress the importance of including all age groups in these clinical trials, especially younger children, 

who are more frequently affected by food allergies. 

As reported in the review of Sicherer and Sampson (2018), about 3 % experience reactions during 

consumption of the placebo series. This was also noticed for one patient during the hazelnut 

provocation challenge (see Chapter 5 Table 5- 3). This was probably due to the anxiety of this patient 

to perform the food challenge, which was clearly noticeable during the provocation tests. 
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For the milk matrices, seven patients (from 2 to 38 years) were included during this preclinical trial, 

from whom a milk allergy was almost excluded after consultation with the concerning pediatrician. 

Since parentally perceived adverse reactions to milk are very common and are the cause of 

unnecessary milk-free diets in a substantial number of patients, it has been shown that excluding milk 

allergy by DBPCFC successfully stopped unnecessary elimination diets in the long term for most 

children (Dambacher et al., 2013). Two patients reacted positive to the milk matrices during the 

provocation tests, confirming a non-IgE-mediated milk allergy. It is estimated in general, that only 

approximately 50 % of the challenges in patients thought to have food reactions will be positive 

(Sampson et al., 2012). 

The DBPCFCs for milk showed different outcomes and proved its applicability for its use at home, so 

we can expect that this will also be the case for the egg matrices. More at home provocation studies 

are required to assess the performance of these egg and milk matrices. 

7.15. State of the art – final considerations 

As presented in this discussion, the DBPCFC is for diagnostic and therapeutic purposes considered to 

be the gold standard by the broad clinical community. As mentioned before, this test is nevertheless 

largely absent in most clinical settings due to the lack of general guidelines and harmonization, and the 

practical limitations DBPCFCs have to overcome. However, there are situations when the DBPCFC is 

invaluable, for instance, to establish or exclude a diagnosis of food allergy in individuals having difficult 

to evaluate symptoms (e.g. if atopic dermatitis is present, in the case of chronic or late reactions, in 

patients strongly convinced that they are allergic based only on sensitization, etc.) (Asero et al., 2009). 

Furthermore, the form of the challenged food must be well documented since this can have an impact 

on the test outcome. Therefore, much more work is required regarding the validation of food challenge 

materials. Standardization is also a major issue, as the content in the single allergens may change 

within different batches of the same food (Asero et al., 2009). 

The first standardized attempt concerning the standardization of DBPCFC matrices has been made 

during the EU-funded integrated project EuroPrevall. This project aimed to deliver the information and 

tools necessary for policymakers, regulators, food industry, clinicians, and allergic consumers 

(patients), to effectively manage different aspects of food allergy and improve the quality of life of 

food-allergic patients (Fernández-Rivas et al., 2015). One of the core platform activities was the 

standardization of DBPCFC matrices (Cochrane et al., 2012), from which our matrices were based on. 

In general, it is quite cumbersome to produce standardized food matrices for DBPCFCs since these 

matrices have to fulfill the highest food and pharmaceutical manufacturing control standards. 
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Furthermore, they have to be produced as such, that they do not contain any cross-contamination of 

other relevant food allergens. Due to the gain in knowhow acquired by research the latest years, 

currently, the first attempts have been made by a commercial company to commercialize DBPCFC 

matrices which is a big step forward towards harmonization55. In this company, the current form of the 

challenge test material is also being adapted from the EuroPrevall matrices (see Figure 7- 9. ). However, 

this is also still under research and only available for peanut matrices. It must also be mentioned, that 

the gain in knowledge regarding the production of allergen-free matrices, can be further implemented 

for the production of allergen-free food products. These claims are permitted on foods that have been 

specially formulated or are processed under special conditions to ensure the absence of the named 

food allergen source that may be present in a similar food. 

 

Figure 7- 9. The first commercialized oral food challenges for peanut allergy 

(https://www.reactabiotech.co.uk/products) 

  

                                                           
55 https://www.reactabiotech.co.uk/products 

https://www.reactabiotech.co.uk/products
https://www.reactabiotech.co.uk/products
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Conclusion 

This PhD project can be divided into two main parts, namely the detection of food allergens using 

UHPLC-MS/MS (PART I) and the production and evaluation of novel developed DBPCFC matrices 

(PART II). 

The aim of PART I of this dissertation was to facilitate the detection of food allergens (in particular nut 

allergens) by using UHPLC-MS/MS MRM-based methods. 

In Chapter 3a, a UHPLC-MS/MS method was conducted to detect traces of nut allergens in incurred 

wheat flour matrices. Similar sensitivities were obtained compared to other recent publications 

covering the same topic. However, due to the lack of standardized guidelines to validate the 

performance parameters, these are not easy to compare. Yet, in Chapter 3a, only incurred wheat flour 

matrices were evaluated, but in practice, MRM measurements are also prone to matrix interferences 

and food processing effects. Therefore, in Chapter 3b, additional data was generated to evaluate the 

matrix effects of the developed MRM method on the detection of the nuts at trace-level in a more 

processed food matrix, namely roasted cookies. Preliminary results show the applicability of this 

UHPLC-MS/MS method for nuts in the baked cookies. A complete validation study is still necessary for 

the detection of these nuts in different matrices. 

In Chapter 4a of this thesis, a UHPLC-MS/MS method has been developed to detect traces of peanuts 

in chili pepper spices in response to a recent number of recalls in the EU related to the presence of 

undeclared allergens in spices. Since the developed UHPLC-MS/MS method described in Chapter 3a 

could not perform sufficient sensitive in chili pepper spices, this method was further adapted for this 

particular matrix. Despite that the RIDASCREEN® FAST Peanut ELISA seemed to achieve better 

sensitivities compared to the developed UHPLC-MS/MS method (see Chapter 4b), the LOD of the MRM 

method was estimated to be sufficiently low to obtain a level below which the risk for potential allergic 

reactions is zero, taking into account the consumption of spices. 

During the start of this dissertation, no UHPLC-MS/MS multiplex detection methods for nut allergens 

were published yet. However, over the years, more literature has become available regarding this 

topic, highlighting the importance of this issue. So far, due to the lack of harmonization covering many 

aspects of food allergen detection (validation parameters, validation protocols, reference materials, 

targets, reporting units etc), no standardized methods are yet put forward by the government… 

Nevertheless, accurate food allergen detection methods are of utmost importance to comply with the 

food allergen risk assessment, both for the industry and for regulatory instances to assure the safety 

of the food products. Tremendous efforts are yet made in the scientific area in order to achieve 
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standardization and harmonization concerning food allergen detection, still, much work is required. 

There is a strong need for globally harmonized threshold levels for all the major allergens to assess if 

detection methods perform sufficient sensitive and to assess if detected traces of allergens pose a 

health risk for the allergic population. However, these thresholds are based on the MEDs, which are 

the lowest allergen doses at which food allergic patients will react. DBPCFCs are the gold standard to 

determine these MEDs.  

To conclude, as MS-based methods evolve towards the use for confirmation or quantitative 

applications for allergen detection, the harmonization between reporting units, diversification of food 

commodities, and a standardized method validation will ultimately help refine current methods for 

use in routine analysis (Boo et al., 2018). 

In Part II of this dissertation, the production of novel developed DBPCFC matrices has been described 

to use under supervision in a clinical setting (for IgE-mediated hazelnut allergy, see Chapter 5) and to 

use at home to administer for a prolonged period (for mild non-IgE-mediated egg and milk allergies, 

see Chapter 6). These matrices can be used as a diagnostic tool or be applied for scientific purposes 

(e.g. the determination of MEDs). Despite the fact that DBPCFCs are still considered the gold standard 

in food allergy diagnostics, the matrices described in scientific literature are labor-intensive to prepare 

and pose a number of critical limitations. So far only a very limited number of commercial DBPCFC 

products exist or are under development, so these are largely absent in most clinical settings. During 

this work, matrices for blinding hazelnuts and milk and egg were developed and their usability were 

proven by preclinical studies. More research is required in order to obtain a full validation of the 

matrices, which has to be conducted to standardize the method. Also in this field, the lack of 

harmonization of methods generates uncertainties for correct interpretation of the outcomes. 

However, the commercialization of DBPCFC matrices is a good step forward concerning the 

standardization of DBPCFCs that will result in improved diagnosis of food allergy. 

To conclude, the lack of harmonization and standardization of different aspects covering food allergy 

still poses difficulties regarding a proper allergy management. However, much effort is currently been 

made towards standardization and harmonization, which will hopefully lead in the future to a more 

harmonized and standardized food allergy management approach. 
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Summary 

A food allergy is defined as an adverse health effect arising from a specific immune response that 

occurs reproducibly on exposure to a given food. It is estimated that at least 1 to 2 % of the population 

is affected by a particular food allergy. In order to protect the food allergic patients, an appropriate 

food allergy management is required, including the reliable detection of food allergens in food and the 

diagnosis of food allergies. During our research, we aimed to develop and investigate tools for food 

allergen detection (PART I) and food allergy diagnosis (PART II). 

The aim of PART I was to facilitate the detection of nut allergens using liquid chromatography tandem 

mass spectrometry (LC-MS/MS). The use of MS in the field of allergen detection considerably expanded 

in recent years. MS offers the possibility to multiplex and overcome detection problems associated 

with matrix and food processing effects. However, the analytical reliability might still be hampered by 

these effects, which must be investigated thoroughly. Two multiple reaction monitoring (MRM) - based 

methods were developed, one to detect multiple nut allergen traces in wheat flour (Chapter 3) and a 

second one to detect traces of peanut in chili pepper spices (Chapter 4). 

In Chapter 3a, an LC-MS/MS method was developed to detect trace levels of roasted nuts in incurred 

wheat flour. Since reference matrices are lacking, incurred wheat flour series containing low amounts 

of nuts were developed in a standardized way. The proteotypic peptides giving the most intense signal 

per nut were identified and selected using a non-targeted high-resolution MS method. These peptides 

were further used to develop an MRM-based method. Our method achieved for the nuts almond, 

cashew, hazelnut, Brazil nut, pistachio, walnut, and peanut, detection limits between 0.47 and 

6.65 mg/kg (mg total protein/kg wheat flour), robust reproducibilities (RsDR < 30 %) and high 

regression coefficients (r2 < 0.98). Since poor detection limits were obtained for walnut and pecan, the 

sampling protocol was modified which resulted in improved detection limits for these nuts but also for 

peanut and Brazil nut. In Chapter 3b, some additional data is presented regarding the detection of 

traces of nuts in cookies, using the developed MRM method described in Chapter 3a. Since in the 

previous chapter only wheat flour matrices were tested, the focus of this chapter was laid towards the 

detection of traces of nuts in a more processed food sample. Preliminary results showed the 

applicability of our MRM method for nuts in  baked cookies. However, further research should be done 

to investigate the matrix – and processing impacts on the detectability of the traces nuts in a full 

validation study covering different matrices. 

In Chapter 4a, the development of an LC-MS/MS method to detect traces of peanut allergens in chili 

pepper spices is described. The recent detection of nuts (including peanut) in spices across the globe 
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had led to enormous recalls of several spices and related food products in the last two years. The lack 

of validated detection methods specific for spices makes it difficult to assess the allergen presence at 

trace levels. Due to the urgent need to confirm the possible peanut presence in chili pepper spices, an 

LC-MS/MS MRM-based method was optimized for this particular food matrix. The presence of complex 

components in the spices (e.g. phenolic components) makes optimization namely necessary. Our 

method achieved a limit of detection of 24 ppm (mg peanut/kg), a level below which the risk for 

potential allergic reactions is zero, considering the typical portion size of spices. In Chapter 4b 

subsequently, the focus was laid on gaining more insights regarding the performance of three different 

detection methods to analyze peanut traces in several commercial spices. The detection methods used 

were the commercial ELISA RIDASCREEN®FAST Peanut, the SureFood® ALLERGEN QUANT Peanut qPCR, 

and the in-house developed LC-MS/MS method (described in Chapter 4a). Overall, the RIDASCREEN® 

FAST Peanut ELISA showed a lower detection limit than the in-house developed MRM method. 

However, both methods are sensitive enough taking into account the ED01 values for peanut and the 

consumption volumes of spices. The SureFood® ALLERGEN QUANT Peanut qPCR was not further 

investigated due to its bad performance in these matrices. The RIDASCREEN® FAST Peanut ELISA and 

the in-house developed LC-MS/MS method can be used in parallel because there was a good 

correlation between the results of the tested samples. However, more research is required to improve 

the detection limit of the LC-MS/MS method if the same detection limit is required as obtained with 

the ELISA method. 

In PART II, the production of matrices for double-blind, placebo-controlled food challenges (DBPCFC) 

has been described to use under supervision in a clinical setting (e.g. for immediate reactions, which 

are mostly IgE-mediated allergies) and to use at home to administer for a prolonged period (e.g. for 

late-onset reactions which is the case for most non-IgE mediated food allergies). DBPCFCs are oral food 

challenges in which the patient ingests the suspected food under controlled circumstances. Double-

blind means that neither the patient or health care professional knows if the given food contains the 

allergenic ingredients. Therefore, the preparations should mask the allergenic ingredients in taste, 

smell, and texture. Placebo-controlled means that on separate periods, in random sequences, placebo 

preparations (without the allergenic ingredient) and active preparations (containing the allergenic 

ingredient) are given. The DBPCFC reduces the potential bias of the patients and supervising health 

care professionals that might interfere with the appropriate interpretation of oral food challenges, and 

corresponds most closely to the natural ingestion of food. Despite the multiple attempts which have 

been made to standardize this protocol, this test still suffers from practical issues and limitations, such 

as the standardized preparation of the food matrices. 
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In Chapter 5, the aim of the study was to develop and evaluate an easy-to-use DBPCFC matrix for 

hazelnuts, which can easily be implemented in daily clinical practice. These matrices must mask the 

hazelnuts while retaining the allergenicity of these hazelnuts as much as possible. A pilot DBPCFC 

study, including eight patients, showed the applicability of the matrices. 

In Chapter 6, the matrices developed during Chapter 5 were further adjusted to mask milk and egg. 

The aim of this study was to develop and evaluate DBPCFC matrices, for the diagnosis of milk and egg 

allergies, which can be applied at home for the diagnosis of delayed food allergic reactions. The main 

focus was the blinding of milk and raw egg and the development of matrices with a sufficient long shelf 

life (+/- six months or longer) which can be easy prepared and consumed at home. A novel stable 

DBPCFC matrix for milk and raw egg has been developed that allows a convenient use at the patients’ 

home. Overall, for both matrices, more research is required in order to obtain a full validation study, 

which must be conducted to standardize the method.
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Samenvatting 

Een voedselallergie wordt gedefinieerd als een nadelig gezondheidseffect ten gevolge van een 

specifieke immuunrespons die optreedt na blootstelling aan een bepaald levensmiddel. Naar schatting 

wordt minstens 1 tot 2% van de bevolking getroffen door een bepaalde voedselallergie. Om de 

voedselallergische patiënten te beschermen, is een degelijk voedselallergiebeleid vereist. Dit houdt 

o.a. de betrouwbare detectie van voedselallergenen in voedsel en de diagnose van voedselallergieën 

in. Tijdens ons onderzoek hebben we ons gericht op het ontwikkelen en evalueren van middelen voor 

detectie van voedselallergenen (DEEL I) en voedselallergiediagnose (DEEL II). 

Het doel van DEEL I was het detecteren van voedselallergenen (in het bijzonder notenallergenen) door 

gebruik te maken van vloeistofchromatografie tandem massaspectrometrie (LC-MS/MS). Het gebruik 

van MS op het gebied van detectie van voedselallergenen is de afgelopen jaren aanzienlijk gestegen. 

MS biedt de mogelijkheid om te multiplexen en detectieproblemen te overwinnen die verband houden 

met matrix- en voedselverwerkingseffecten. Echter, de analytische betrouwbaarheid kan nog steeds 

worden belemmerd door deze effecten, dewelke grondig moeten worden onderzocht. Tijdens dit werk 

werden er twee LC-MS/MS methoden ontwikkeld, één om sporen van meerdere notenallergenen in 

tarwebloem te detecteren en een tweede om sporen van pinda's in gemalen chilipeper te detecteren. 

In Hoofdstuk 3a werd een LC-MS/MS-methode ontwikkeld voor het opsporen van sporen geroosterde 

noten in tarwebloemmatrices. Omdat referentiematrices momenteel nog steeds niet commercieel 

beschikbaar zijn, werd er op een gestandaardiseerde manier een verdunningsreeks bereid van noten 

in tarwebloem. De proteotypische peptiden die het intenste signaal per noot gaven, werden 

geïdentificeerd en geselecteerd d.m.v. een non-targeted MS-methode met hoge resolutie. Deze 

peptiden werden verder aangewend ter ontwikkeling van een Multiple Reaction Monitoring (MRM) - 

methode. De finale methode bereikte voor de amandelnoten, cashewnoten, hazelnoten, paranoten, 

pistachenoten, walnoten en pinda's, detectielimieten tussen de 0,47 en 6,65 mg/kg (mg totaal eiwit / 

kg tarwemeel), robuuste reproduceerbaarheden (RsDR <30%) en hoge determinatiecoëfficiënten 

(r2 < 0,98). Omdat voor walnoot en pecannoot hogere detectielimieten werden verkregen, werd het 

protocol gewijzigd wat resulteerde in verbeterde detectielimieten voor deze noten, alsook voor pinda 

en paranoten. In Hoofdstuk 3b werd additionele data gegenereerd voor de detectie van notensporen 

in geroosterde koekjes m.b.v. de ontwikkelde MRM-methode die werd beschreven in Hoofdstuk 3a. 

Omdat in het vorige hoofdstuk enkel tarwebloemmatrices werden getest, werd in dit hoofdstuk de 

detectie van sporen van noten in een meer verwerkte voedselmatrix onderzocht. De eerste resultaten 

toonden de toepasbaarheid van onze MRM-methode voor noten in gebakken koekjes aan. De gevolgen 

van de matrix - en verwerkingsprocessen op de detecteerbaarheid van de notensporen moeten verder 
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worden onderzocht in een volledige validatiestudie, dewelke verschillende relevante voedingsmatrices 

moet omvatten. 

In Hoofdstuk 4a wordt de methode-ontwikkeling beschreven voor de detectie van sporen van pinda 

allergenen in chilipeperkruiden gebruik makende van LC-MS/MS. De recente ontdekking van noten 

(inclusief pinda's) in tal van specerijen over de hele wereld heeft geleid tot enorm veel terugroepingen 

van verschillende specerijen en gerelateerde voedselproducten de afgelopen twee jaar. Het ontbreken 

van gevalideerde detectiemethoden specifiek voor specerijen maakt het moeilijk om de aanwezigheid 

van deze allergenen op sporenniveaus te verifiëren. Vanwege de dringende noodzaak om de mogelijke 

aanwezigheid van pinda's in chilipeperkruiden te bevestigen, werd een MRM methode 

geoptimaliseerd en ontwikkeld voor deze specifieke voedingsmatrix. De aanwezigheid van complexe 

componenten in de specerijen (bijvoorbeeld fenolische componenten) vereist namelijk specifieke 

optimalisatie van deze methode. De detectiegrens werd bepaald als zijnde 24 ppm (mg pinda/kg), een 

niveau waarbij het risico voor potentiële allergische reacties nihil wordt beschouwd (de specifieke 

portiegrootte van specerijen in beschouwing genomen). 

In Hoofdstuk 4b werd vervolgens additionele data gegenereerd om meer inzichten te verwerven 

betreffende de detectie van pindasporen in commerciële kruiden, gebruik makende van verschillende 

detectiemethoden, namelijk de commerciële ELISA RIDASCREEN®FAST pinda, de SureFood® ALLERGEN 

QUANT pinda qPCR en de ontwikkelde LC-MS/MS (beschreven in Hoofdstuk 4a). De RIDASCREEN® 

FAST Peanut ELISA vertoonde een lagere detectielimiet dan de ontwikkelde MRM-methode. Beide 

methoden zijn echter voldoende gevoelig, rekening houdend met de ED01-waarden voor pinda's en de 

consumptiegroottes van specerijen. De SureFood® ALLERGEN QUANT pinda qPCR werd niet verder 

onderzocht vanwege de slechte resultaten in de chilipeperkruiden. De RIDASCREEN® FAST Peanut 

ELISA en de ontwikkelde MRM methode kunnen in parallel worden aangewend omdat er een goede 

correlatie was tussen de geteste monsters. Er is echter meer onderzoek vereist om de detectielimiet 

van de LC-MS/MS-methode te verbeteren indien dezelfde vereist is als verkregen met de ELISA. 

In DEEL II werd de ontwikkeling en evaluatie beschreven van matrices voor dubbelblinde, 

placebogecontroleerde provocatietesten die onder toezicht kunnen worden aangewend in de klinische 

setting (bijvoorbeeld in het geval van onmiddellijke reacties die meestal ontstaan door IgE-

gemedieerde voedselallergieën) en die thuis kunnen worden gebruikt voor een langdurige 

provocatieperiode (bijvoorbeeld in het geval van late reacties zoals bij de meeste niet-IgE gemedieerde 

voedselallergieën). DBPCFCs zijn orale voedselprovocaties waarbij de patiënt het verdachte voedsel 

inneemt onder gecontroleerde omstandigheden. Dubbelblind betekent dat noch de patiënt noch de 

zorgverlener weet of het gegeven voedsel de allergene ingrediënten bevat. De matrices moeten 
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daarom de allergene ingrediënten maskeren in smaak, geur en textuur. Placebo-gecontroleerd 

betekent dat tijdens afzonderlijke perioden, in willekeurige volgorde, placebomatrices (zonder het 

allergene ingrediënt) en actieve matrices (die het allergene ingrediënt bevatten, = verum) moeten 

geconsumeerd worden. De DBPCFC vermindert de potentiële vooringenomenheid van de patiënten 

en artsen die de juiste interpretatie van orale voedseluitdagingen kan verstoren. DBPCFCs komen het 

meest overeen met de natuurlijke inname van voedsel. Ondanks de vele pogingen die zijn ondernomen 

om dit protocol te standaardiseren, heeft deze test nog steeds te kampen met praktische problemen 

en beperkingen, zoals de gestandaardiseerde bereiding van de voedingsmatrices 

In Hoofdstuk 5 werd een gebruiksvriendelijke DBPCFC-matrix ontwikkeld en geëvalueerd, die 

eenvoudig kan worden geïmplementeerd in de klinische routine. Deze studie was gericht op het 

maskeren van hazelnoten, waarbij de hazelnoten hun allergeniciteit zoveel mogelijk moeten 

behouden. Een DBPCFC met acht patiënten toonde de toepasbaarheid van de matrices aan. 

In Hoofdstuk 6 werden de matrices, ontwikkeld tijdens Hoofdstuk 5, verder aangepast om melk en 

eieren te maskeren voor orale provocaties thuis. De focus lag op het maskeren van melk en rauw ei en 

het ontwikkelen van matrices met een voldoende lange houdbaarheid (+/- zes maanden of langer) die 

thuis eenvoudig kunnen worden bereid en geconsumeerd. Een DBPCFC met zeven patiënten toonde 

de toepasbaarheid van de matrices voor melk reeds aan. Voor beide matrices is echter meer onderzoek 

vereist om een volledige validatie te verkrijgen, dewelke moet worden uitgevoerd om de methode te 

standaardiseren.
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Appendix 

Chapter 3a 

Appendix 3a.1: Protein sampling protocol 

To start, 15 mL homogenization buffer containing 30% sucrose, 0.1 M KCl, 50 mM Tris.HCl (pH 8) and 5 mM EDTA 

was added to 2.5 g sample material (buffer-to-sample ratio 6:1) and 100 µL 500 mM DTT. After vigorously 

shaking, the samples were incubated overnight while shaken at 4 °C. After centrifugation at 2500 x g for 15 min 

the pellet was discarded. To the supernatant (+/- 13 mL), 15 mL MeOH, 5 mL chloroform and 20 mL H2O were 

added and several times inverted. After centrifugation at 4000 x g for 10 min, the interphase (= protein 

precipitate at the water-organic interphase) was collected by removing gently the MeOH/water upper phase 

containing several components such as nucleic acids, salts, reducing agents, etc. and the chloroform lower phase 

containing most of the lipids. As cleaning step 20 mL MeOH was added to the isolated pellet followed by 4000 x g 

centrifugation for 10 min. After discarding the supernatant, the pellet was resuspended in 5 mL 80% acetone in 

H2O as an additional cleaning step, followed by the same centrifugation step as previous. The supernatant was 

discarded and the pellet air-dried before starting the digestion. 

The reduction and alkylation was performed according to Costa et al. (2014) with minor modifications. Both the 

DTT, iodoacetamide and Trypsin were dissolved in 100 mM TrispH 7.8. The pellet was resuspended in 1 mL 

digestion buffer containing 100 mM Tris pH 7.8 and 6 M urea and vortexed vigorously. In short, 50 µL 200 mM 

DTT (reduction), 200 µL 200 mM iodoacatamide (alkylation) and 200 µL 200 mM DTT (scavenge unreacted 

iodoacetamide) were added in serial with between each step 1 hour of gently shaking in the dark. To reduce the 

urea content of the samples, 7.75 mL H2O was added to the samples before determining the protein content of 

the extracts with the nanodrop spectrophotometer100 ND-1000 (Thermo Fisher Scientific, Merelbeke, Belgium). 

Appendix 3a.2: Workflow and processing parameters PLGS  

MSE processing parameter low energy, elevated energy and intensity thresholds were set to resp. 135, 30 and 

750 counts (these thresholds were set low to obtain more protein information, this was especially valuable when 

databases of specific nuts were small: e.g. for macadamia, pistachio and pecan nut). Workflow parameters were: 

automatic Peptide and Fragment tolerances, the UniProtKB databank of the specific nut to analyze, minimum 

fragment ion matches for peptides and proteins were resp. 3 & 7, primary digest reagent Trypsin, fixed modifier 

reagent Carbamidomethyl C, variable fixer modification Oxidation Methionine. Peptides were selected based on 

their in silico selectivity (verified with UniProtBLAST plant database), type of product (ion fragments and missed 

cleavages were left out), intensity signal and amino acid length (≥ six amino acids for specificity). 
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Table A.3a- 1. Selection of the most abundant marker peptides found in nut extractions using HRMS in MSE 

modus 

Nut Protein Precursor MH+ 
(Da) 

Sequence Refs 

1. ROASTED 
ALMOND 

Pru du 6 (11 S Globulin) 

2685.1843 (R)GVLGAVFSGCPETFEESQQSSQQGR(Q) Heick, Fischer & Pöpping (2011) 

1372.7008 (R)ALPDEVLQNAFR(I)*ABCD Korte & Brockmeyer (2016) 
Korte, Lepski & Brockmeyer 
(2016) 

1909.9579 (R)VQVVNENGDPILNDEVR(E) Korte & Brockmeyer, (2016) 

2141.0452 (R)QSQLSPQNQCQLNQLQAR(E) 
 

2607.4000 (R)TIEPNGLHLPSYVNAPQLIYIVR(G) 
 

870.5099 (R)NQIIQVR(G)*ABCD Bignardi et al. (2013) 

2. ROASTED 
CASHEW 

Ana o 2 (11 S Globulin) 

1120.5563 (R)ADIYTPEVGR(L)*ABC Bignardi et al. (2010); 
Korte & Brockmeyer (2016); 
Korte, Lepski & Brockmeyer 
(2016); 
Sealey-Voyksner, Zweigenbaum 
& Voyksner (2016) 

1002.5419 (K)WLQLSVEK(G) Korte, Lepski & Brockmeyer 
(2016) 

1332.6487 (K)GQVQVVDNFGNR(V) 
 

2277.0030 (R)VEYEAGTVEAWDPNHEQFR(C) 
 

2119.0737 (R)TSVLGGMPEEVLANAFQISR(E) *ABC Korte, Lepski & Brockmeyer 
(2016) 

1439.8733 (R)LTTLNSLNLPILK(W) Korte & Brockmeyer (2016); 
Korte, Lepski & Brockmeyer 
(2016) 

Ana o 3 (2 S Albumin) 1177.5306 (R)CQNLEQMVR(Q) 
 

3. ROASTED 
HAZELNUT 

Cor a 9 (11 S Globulin) 

1440.8110 (R)INTVNSNTLPVLR(W)*ABCGHIJ Costa et al (2014); 
Korte, Lepski & Brockmeyer 
(2016); 
Sealey-Voyksner, Zweigenbaum 
& Voyksner (2016) 

1934.9040 (R)VQVVDDNGNTVFDDELR(Q) 
 

1027.5529 (R)LNALEPTNR(I) *ABCGHIJ Costa et al (2014); 
Korte, Lepski & Brockmeyer 
(2016) 

1151.5667 (R)ADIYTEQVGR(I) Korte & Brockmeyer (2016); 
Korte, Lepski & Brockmeyer 
(2016); 
Sealey-Voyksner, Zweigenbaum 
& Voyksner (2016) 

Cor a 11 (7 S Vicilin) 1048.5757 (R)LLSGIENFR(L) Bignardi et al (2013); 
Costa et al (2014) ; 
Korte, Lepski & Brockmeyer 
(2016) 

4. BRAZIL NUT 
Ber e 2 (11 S Globulin) 

2627.2185 (R)GILGVLMPGCPETFQSMSQFQGSR(E) 
 

1995.1212 (R)NTIRPQGLLLPVYTNAPK(L) 
 

1229.6857 (R)GIPVGVLANAYR(L) 
 

1650.8042 (K)GVLYENAMMAPLWR(L) 
 

1460.8463 (K)VPILTFLQLSAMK(G) 
 

Ber e 1 (2 S Albumin) 917.4455 (R)MAENLPSR(C) Sealey-Voyksner, Zweigenbaum 
& Voyksner (2016) 

5. ROASTED 
PECAN 

Car i 1 (2 S Albumin) 

854.3815 (R)CQDYLR(Q) 
 

2471.9763 (R)QCCQQLSQMEEQCQCEGLR(Q) 
 

808.3581 (K)ECGISSR(S)*A 
 

Car i 2 (7 S Vicilin) 
1018.4696 (R)GQEQQLCR(R) 

 

1310.5514 (R)WEFQQCQER(C) 
 

6. ROASTED 
PEANUT 

Ara h 4 (11 S Globulin) 

2051.0342 (R)RPFYSNAPQEIFIQQGR(G) Heick, Fischer & Pöpping, (2011) 

1389.6932 (R)SPDIYNPQAGSLK(T)*EF Careri et al.(2007) 
Careri et al.(2008); 
Bignardi et al. (2010); 
Bignardi et al. (2013) 
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* bold: selected marker peptides (2 markers were selected per not if possible but not for macadamia and pecan due to limited good performing 

peptides).  

A, B, C, D, E, F, G, H, I & J = Peptides a found in A = roasted nut mélange, B = Salad mix deluxe, C = Mixed nut paste, D = Almond Tiramisu, E = 

Peanut butter, F = Peanut chocolates, G= NOG, H= BRES, I = PRA, J = GIA with PLGS calculated intensities ≥ 106 (except for macadamia nut, 

where for A: (R)QCMQLETSGQMR(R) = 8*105 and for pistachio C: (R)GLLVPSYNNAPELVYVVQGSGIHGAVFPGCPETFQEESQSQSR(S) = 3*103 ) 

  

1574.7496 (R)FNLAGNHEQEFLR(Y) Bignardi et al. (2013); 
Korte, Lepski & Brockmeyer 
(2016) 

1296.6244 (R)AHVQVVDSNGDR(V) 
 

Ara h 1 (7 S Vicilin) 1817.9443 (R)IFLAGDKDNVIDQIEK(Q) 
 

Ara h 2 (2S Albumin) 1085.5511 (R)NLPQQCGLR(A)*EF 
 

7. ROASTED 
PISTACHIO 

Pis v 2 (11 S Globulin) 

1395.8242 (R)VSSVNALNLPILR(F) 
 

4648.2114 (R)GLLVPSYNNAPELVYVVQGSGIHGAVFPGCPETFQEESQSQS
R(S)*B 

 

Pis v 5 (11 S Globulin) 

1425.8622 (R)ITSLNSLNLPILK(W) Korte, Lepski & Brockmeyer 
(2016) 

1402.7680 (R)AMISPLAGSTSVLR(A) Korte & Brockmeyer (2016); 
Korte, Lepski & Brockmeyer 
(2016) 

1602.8978 (K)ILAEVFQVEQSLVK(Q) 
 

8. ROASTED 
MACADAMIA 

Vicilin-like antimicrobial 
peptides 2-1 

3054.7136 (R)LVLLEANPNAFVLPTHLDADAILLVIGGR(G) 
 

1382.7300 (K)FLQTISTPGQYK(E) 
 

1750.8291 (R)TEEGHISVLENFYGR(S) 
 

4378.2466 (R)EAIVVLAGHPVVFVSSGNENLLLFAFGINAQNNHENFLAGR(E) 
 

3042.6980 (R)LVLLEANPNAFVLPTHLDADAILLVTGGR(G) 
 

1468.6274 (R)QCMQLETSGQMR(R)*A 
 

9. ROASTED 
WALNUT 

Jug r 1 (2 S Albumin) 

1375.6271 (R)DLPNECGISSQR(C) Heick, Fischer & Pöpping, (2011); 
Korte, Lepski & Brockmeyer 
(2016) 

1636.7649 (R)QQNLNHCQYYLR(Q) 
 

2457.9673 (R)QCCQQLSQMDEQCQCEGLR(Q)*B Heick, Fischer & Pöpping, (2011) 

Jug r 4 (11 S Globulin) 
1436.8220 (R)ISTVNSHTLPVLR(W) *B 

 

2570.3977 (R)TIEPNGLLLPQYSNAPQLVYIAR(G) 
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Figure S.1.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ALMOND (A1) ALMOND (A2) CASHEW (C1) CASHEW (C2) HAZELNUT (H1) HAZELNUT (H2) 
A: 3.125 mg/kg 

B: 0 mg/kg 

C: 25 mg/kg 
D: 0 mg/kg 

E:12.5 mg/kg 

F: 0 mg/kg 

G: 25 mg/kg 
H: 0 mg/kg 

I: 3.125 mg/kg 

J: 0 mg/kg 

K: 6.25 mg/kg 
L: 0 mg/kg 

m/z 687.3 → 

1: m/z  594.7 
2: m/z  342.3 

m/z 436.0 → 
1: m/z 515.2 
2: m/z 628.3 

m/z 707.5 → 
1: m/z 262.5 
2: m/z 270.0 

m/z 561.1 → 
1: m/z 658.0 
2: m/z 227.3 

m/z 721.3 → 

1: m/z 1013.7 

2: m/z 329.1 

m/z 514.6 → 
1: m/z 487.2 
2: m/z 299.3 

MACADAMIA (M1) MACADAMIA (M1)* BRAZIL NUT (B1) BRAZIL NUT (B1)* BRAZIL NUT (B2) PEANUT (Pea1) 
M: 100 mg/kg 

N: 0 mg/kg 

O: 50 mg/kg 
P: 0 mg/kg 

O: 12.5 mg/kg 
P: 0 mg/kg 

Q: 3.125 mg/kg 
R: 0 mg/kg 

S: 3.125 mg/kg 

T: 0 mg/kg 

U: 12.5 mg/kg 

V: 0 mg/kg 

m/z 735.4 → 
1: m/z 679.1 
2: m/z 726.0 

m/z 735.36 → 
1: m/z 679.1 
2: m/z 726.0 

m/z: 459.5 → 
1: m/z 203.0 
2: m/z 104.3 

m/z: 459.5 → 
1: m/z 203.0 
2: m/z 104.3 

m/z 615.7 → 

1: m/z 530.4 
2: m/z 169.3 

m/z 695.8→ 
1: m/z 300.2 
2: m/z 385.2 
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Figure A.3a- 1. Chromatograms of the two MRM-transitions for each peptide in wheat flour. x-as represents time in min, y-

axis the relative intensity (normalized using the largest peak of the chromatogram). S/N = Signal to noise ratio. I = Area under 

the curve * = Chromatograms obtained with protocol B (otherwise with protocol A) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

PISTACHIO (Pis1) PISTACHIO (Pis2) WALNUT (W2) 

Y: 12.5 mg/kg 

Z: 0 mg/kg 

I: 6.25 mg/kg 

II: 0 mg/kg 

III: 12.5 mg/kg 

IV: 0 mg/kg 

m/z 1163.6→ 

1: m/z 284.34 

2: m/z 4771 

m/z 702.4 → 

1: m/z 500.7 

2: m/z 203.3 

m/z: 479.9 → 

1: m/z 662.4 

2: m/z 619.1 
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Chapter 3b 

 

 

Figure A.3b- 1. Chromatograms of the two MRM-transitions for each peptide in the 20 ppm cookies. The two lowest 

chromatograms are the peptides found in 20 ppm cookies, the two chromatograms above represent the 0 ppm cookies. x-as 

represents time in min., y-axis the relative intensity (normalized using the largest peak of the chromatogram); S/N = Signal to 

noise ratio; I = Area under the curve.  
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Chapter 4a 

Appendix 4a.1: UHPLC parameters 

As mobile phases, mobile phase A (H2O & 0.1 % FA) and B (ACN & 0.1 % FA) were used. The flow rate was set at 

0.2 mL/min during the HRMS discovery phase and 0.4 mL/min for final UHPLC-MS/MS detection with both at a 

constant column temperature of 40 °C. For the discovery phase (HRMS), from the initial 99 % A and 1 % B 

concentrations, a linear gradient was applied to go to 60 % A and 40% B in 60 min. To rinse the column, 15% A 

and 85% B was kept for 5 min and to return to the initial equilibrium, 15 min of the initial concentration was 

retained. For the detection, the linear gradient was reduced to 30 min, 2.5 min to rinse the column and 7.5 min 

to return to the initial equilibrium. The injection volume was set to 5 µL. The sample temperature was kept at 

10 °C.  

Appendix 4a.2: HRMS instrument parameters 

Instrument configuration parameters were: positive electrospray ionization modus (ESI+), cone voltage 30 V, 

capillary voltage 0.8 kV, source temperature 120 °C, desolvation temperature 400 °C. Acquisition  parameters 

were: scan time 0.5 s, start and end mass resp. 50 & 2000, start and end time resp. 2 and 65 min, CID, continuous 

mode.  For the MSE and the reference function following parameters were: trap collision energy 4 eV (function 1 

& reference) and 20 to 40 eV (function 2), transfer collision energy 1 eV (all functions). Leucine Enkephalin 

(Waters) was used as calibration reference compound (lock mass). The data was acquired using MassLynx v4.1 

software (Waters). 

Appendix 4a.3: PLGS processing and workflow parameters 

MSE processing parameters: low energy, elevated energy and intensity thresholds were set on resp. 135, 30 and 

750 counts. Workflow parameters were: automatic peptide and fragment tolerances, the UniProtKB databank of 

the peanut, min. fragment ion matches for resp. peptides and proteins resp. 3 & 7, primary digest reagent 

trypsine, fixer modifier reagent Carbamidomehtyl C, variable fixer modification Oxidation M.   

Appendix 4a.4: UHPLC-MS/MS instrument parameters 

Following instrument parameters were: ESI+, cone voltage 30 V, capillary voltage 3.20 kV, source temperature 

130 °C, desolvation temperature 350 °C. To verify and detect the found marker peptides, the product scan and 

MRM modality were applied respectively using a collision energy (CE) ranging from 10 to 35 eV (peptide 

dependent). The function parameters were:  automatic cycle time (s), scan duration 1 s, start and end time 

dependent on RT of HRMS results (window +/- 5 min), mass range 100 to 2000. Function parameters were: 

automatic cycle time (s), span 0.2 Da, RT window of +/- 2 min together with the selected m/z-values of precursor-

fragment transition. The CE’s for each fragment were experimentally determined. To analyze the results, the 

peak areas of the detected peptides were integrated using MassLynx v4.1 software (Waters). 

  

https://en.wikipedia.org/wiki/UniProt#UniProtKB
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Chapter 4b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4b- 1.UHPLC-MS/MS chromatograms of the positive dried samples (and some additional negative) for the four 

peanut specific peptides. 
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A → E: Peptide (R)LNAQRPDNR(I) with 1: m/z 362.1 → 289.3/ 2: m/z 362.1 → 272.0. A: 20 ppm incurred peanut in chili pepper 

powder (ESS, Belgium = sample 18), B: Sample 1, C: Sample 2 (negative), D: Sample 18, E: Sample 14.  

F → M: Peptide (R)NLPQQCGLR(A) with 1: m/z 543.6 → 429.8/ 2:  m/z 543.6 → 858.2. F: 20 ppm incurred peanut in sample 

18, G: Sample 1, H: Sample 2, I: Sample 8, J: Sample 11, K: Sample 14, L: Sample 3 (negative), M: Sample 18 (negative).  

N → U: Peptide (R)RPFYSNAPQEIFIQQGR(G) with 1: m/z 684.8 → 748.5/ 2: 684.8 →488.1. N: 20 ppm incurred peanut in 

sample 18, O: Sample 1, P: Sample 2, Q: Sample 8, R: Sample 11, S: Sample 14, T: Sample 16, U: Sample 18 (negative).  

V → X: Peptide (R)VYDEELQEGHVLVVPQNFAVAAK(A) with 1: m/z 853.0 → 473.5/ 2: m/z 853.0 → 756.6. V: 20 ppm incurred 

peanut in sample 19, W: Sample 1, X: Sample 11 (negative) 

Chapter 5 

Appendix 5.1.: BAT protocol 

Proteins were extracted as described by Platteau et al., (2010), with minor modifications. At first, the hazelnuts 

were extracted by adding 4 mL PBS (Sigma-Aldrich, St. Louis, MO, USA; pH 7.4), which included a mix of protease 

inhibitors, to 0.4 g of sample (10 vol w/v). The mix of protease inhibitors included 2 mM 

ethylenediaminetetraacetic acid, 5 mM diethyldithiocarbamate, 0.5 mM benzamidinehydrochloride and 0.2 mM 

phenylmethylsulfonefluoride (Sigma-Aldrich, St. Louis, MO, USA). After shaking overnight at 4 °C, the samples 

were centrifuged for 1 hour at 4 °C and 4000 x g. The supernatant was collected and filtered through 0.22 µm 

filters (Millipore, Billerica, MA, USA). The protein concentration was measured with the NanoDropTM 

spectrophotometer ND-1000 (Thermo Fisher Scientific, Merelbeke, Belgium) and dried with a nitrogen flux at 

30 °C. A standard series was prepared ranging from 1 mg/mL to 64 pg/mL using the stimulation buffer of the 

Flow CAST® BAT kit. This Flow CAST® BAT kit (BÜHLMANN Laboratories AG, Schönenbuch/Basel, Germany) was 

performed according to the manufacturer’s instructions. Blood was collected using K2 EDTA tubes (BD, 

Erembodegem, Belgium) and tested within two hours of sampling from three selected hazelnut allergic patients 

with different food allergic reaction patterns. The activated basophils were detected with the FACSCanto™ II 

System (BD, Erembodegem, Belgium) and analyzed with the CellQuest Pro software (BD). The flow cytometer 

was equipped to detect Forward Scatter (FSC), Side Scatter (SSC) and the two fluorochromes FITC and PE as 

described in the manual of the Flow CAST® BAT kit. The CCR-3-PE gate was set at 600 counts (= number of 

basophils) to stop the acquisition. 

Appendix 5.2.: UHPLC-MS/MS protocol 

Appendix 5.2.1.: Reagents and chemicals UHLC-MS/MS 

The ureum was purchased from Amersham Biosciences (Uppsala, Sweden). The iodoacetamide was from G 

Biosciences (St. Louis, MO, USA). The reagents tris(hydroxymethyl)-aminomethane (Tris, pH 7.8), Potassium 

chloride (KCl), ethylenediaminetetraacetic acid (EDTA) and dithiothreitol (DTT) were purchased from Merck 

(Darmstadt, Germany). Acetonitrile (ACN), methanol (MeOH), chloroform (all ULC-MS grade), and formic acid 

(FA) were purchased from Biosolve B.V. (Valkenswaard, the Netherlands) and trifluoroacetic acid (TFA) from 

Thermo Scientific (Waltham, MA, USA). Sep-Pak Vac 1cc C18 SPE reversed phases columns were from Waters 
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(Milford, MA, USA) and 0.22 µm filters from Millipore (Billerica, MA, USA). The used water was MilliQ H2O 

(Billerica, MA, USA). 

Appendix 5.2.2.: UHPLC-MS/MS protocol 

The verum series were sampled and analyzed over two separate times with two different prepared challenge 

series. To all the samples of the verum dilution series, 15 mL homogenization buffer was added to 2.5 g of the 

samples, shaken overnight by 4 °C and extracted as described by Minkof, Burch & Sussman (2014). The digestion 

was done according to Costa et al. (2014) with minor modifications. To the extracted proteins, 1 mL of digestion 

buffer was added. Next, the following compounds were added sequentially: 50 µL 200 mM DTT, 200 µL 200 mM 

iodoacetamide and 200 µL 200 mM DTT were added and gently shaken for 1 hour between each step in the dark. 

Before tryptic digestion, the protein content was determined with the nanodrop ND-1000 (Thermo Fisher 

Scientific, Merelbeke, Belgium). The trypsin was added in 1:50 ratio to 6 mL (20.6 +/- 1.6 mg proteins for the 

diluted portions 1 – 4 and 47.3 +/- 0.2 mg proteins for the undiluted portion) of the reduced and alkylated 

proteins. After overnight incubation, the samples were cleaned with the 0.22 µm filters and desalted with the 

Sep-Pak Vac 1cc C18 SPE reversed phases columns (as described in the manual). As washing and elution buffers, 

resp. 1 mL of 2 % ACN + 0.1 % TFA and 2 mL 70 % ACN + 0.1 % TFA were used. The samples were dried under 

nitrogen flow at 40 °C and resuspended in 500 µL Tris (pH 7.8) prior extra filtering through 0.22 µm filters. 

Appendix 5.2.3.: UHPLC-parameters 

To separate the peptides, an AcquityTM Ultra Performance LC system from Waters (Milford, MA, USA) with an 

AcquityTM UPLC BEH300 C18 reversed phase column (Waters, 300 Å, 1.7 µm, 2.1 x 150 mm) and an AcquityTM UPLC 

BEH300 C18 VanGuard pre-column (Waters, 300 Å, 1.7 µm, 1 x 5 mm) attached upstream was used. As mobile 

phases, mobile phase A (H2O and 0.1 % FA) and mobile phase B (ACN and 0.1 % FA) were used. As flow rate and 

column temperature, 0.2 mL/min and 40 °C were respectively set. A linear gradient was set, starting from 99 % 

A + 1 % B to go to 60 % A + 40 % B in 60 min. A rinsing step was set, with 15 % A and 85 % B for 5 min. To return 

to the initial equilibrium, 15 min of the initial composition was retained. The injection volume was set to 5 µL 

and the samples temperature to 10 °C. 

Appendix 5.2.4.: MS/MS-parameters 

A tandem quadrupole MS (Xevo TQ-S; Waters) was used in parallel with the UHPLC separation as described 

earlier. Instrument configuration parameters were: ESI+, cone voltage 30 V, capillary voltage 3.20 kV, source 

temperature 130 °C, and desolvation temperature 350 °C. Function parameters were: automatic cycle time (s), 

span 0.2 Da, retention time (RT) was dependent of the selected peptide with an RT window of +/- 2 min, m/z-

values of precursor-fragment transitions. CE values for each fragment ion were peptide dependent. Following 

hazelnut specific peptides were detected: (R)INTVNSNTLPVLR(W) (RT = 29) with m/z precursor = 721.3 and m/z 

fragment ions = 392.1 (b3, CE 25, qualifier ion) and 1013.7 (y9, CE 25, quantifier ion) and (R)LNALEPTNR(I) (RT = 

18) with m/z precursor =514.6 and m/z fragment ions = 299.3 (b3, CE 15, qualifier ion) and 487.2 7 (y5, CE 15, 

quantifier ion). To analyze results, peak areas of the detected peptides were integrated using the MassLynx v4.1 

software. 
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Appendix 5.2.5.: DBPCFC protocol 

Patients with a history of anaphylaxis were excluded from the test. Anti-histamines and beta-blockers were 

excluded respectively seven and three days prior to the challenge. Patients were sober before starting the test. 

The study was approved by the Ethical Committee of the University Hospital (UH) Ghent, and all the patients 

signed an informed consent prior to the start of the test. The challenges were conducted in the Ambulatory 

Surgery Unit of the University Hospital Ghent and supervised by a dermatologist experienced in provocation tests 

and a specialist in Anesthesia and Resuscitation. Before onset of the test, the general condition and vital 

parameters of the patients were assessed. An intravenous line was administered and resuscitation drugs were 

prepared. Also, a skin prick test (SPT) with raw hazelnuts was done and blood was taken to perform Phadia 

ImmunoCAP (Thermo Fisher Scientific, Ghent, Belgium) with specific hazelnut allergens (Total IgE, Cor a 1, Cor a 

8 and Cor a 9). The verum and placebo series were given in different orders on separate days with a 20 min 

interval between each dose. During the challenge, the clinical parameters (allergic signs and symptoms) were 

scored as listed previously (Sampson et al., 2012). The test was ended when patients had distinct signs and/or 

symptom, considered the allergic reactions to annoying to continue, or could not finish the dessert. When results 

were doubtful or negative, an open provocation test with raw hazelnuts was performed. 

Furthermore, it should be mentioned that the challenges were performed during September - November, and 

pollen-related food allergies can be worse during and just after pollen season (for birch pollen: +/- middle of 

March until middle of May). In our opinion, this parameter should be mentioned in the studies performing 

DBPCFCs. 
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Appendix 5.3.: Evaluation form DBPCFC hazelnuts 
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Table A.5- 1. Results of sensory test, phase I and phase II 

 PHASE I a PHASE Ib PHASE II 
  MATRIX   TASTING TOTAL TASTING TOTAL TASTING TOTAL 

      

Detect 

hazelnut 

Did not 

detect 

hazelnut   

Detect 

hazelnut 

Did not 

detect 

hazelnut 

 Detect 

hazelnut 

Did not 

detect 

hazelnut 

 

DESSERT VERUM Count 18 12 30 15 16 31 27 64 91 

  

Expected 

Count 
19,7 10,3 30 12 19 31 29,5 61,5 91 

 PLACEBO Count 41 19 60 9 22 31 32 59 91 

  

Expected 

Count 
39,3 20,7 60 12 19 31 29,5 61,5 91 

TOTAL  Count 59 31 90 24 38 62 59 123 182 

  

Expected 

Count 
59 31 90 24 38 62 59 123 182 
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Table A.5- 2. Clinical parameters of the hazelnut allergic patients 

Patient nr. Age Gender Type of hazelnut allergic reaction SPT (mm) Total IgE (kUA/L) IgE Cor a 1 (kUA/L) Inhaled 

allergies A 

Other food allergies B Other allergies Asthma 

1 67 F OAS 5 19.9 1.44 1 – 3  1 – 4 Penicilline YES 

2 52 F OAS 3  63.7 97.9 1 – 5  1, 5 - 7 Ibuprofen NO 

3 61 M OAS 4 381 10.4 1 – 6  8 – 9  8 Contrast fluid NO 

4 34 F OAS 3 605.9 32 1 – 8  All raw vegetables and 

fruits, except for pine- 

apple, cucumber and 

lettuce 

Penicilline YES 

5 18 F OAS, inhaled, contact 7 NA > 100 1 – 3  9 NO NO 

6 67 M OAS 5 250.9 2,56 1 – 5, 8 – 9  NO NO NO 

7 25 F OAS 25 44.1 5.35 1 – 3, 6, 8 – 10 10 - 12 NO YES 

8 55 F OAS 20  2.56 2, 8, 9  1, 2, 4, 5, 12  NO YES 

 

A Inhalant allergies towards: 1 = alder, 2 = birch, 3 = filbert, 4 = dust mite, 5 = flour mite, 6 = grass, 7 = Artemisia, 8 = cat, 9 = dog, 10 = Alternaria 

B Food allergies towards: 1 = apple, 2 = peach, 3 = chicory, 4 = pear, 5 = cherry, 6 = pine apple, 7 = stone fruit, 8 = soy, 9 = most fruit species except pineapple, 10 = celery, 11 = artichoke, 12 = 

kiwi, 13 = cherry.  

NA = Not analyzed 

SPT = Skin Prick Test
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Figure A.5- 1. Trend curves of the BAT-responses towards different hazelnut protein concentrations of patients A (measured 

twice, A1 and A2), B and C. EC50 = Half maximal effective concentration/ Dose = protein concentration: µg/mL (patient B) and 

ng/mL (patient C). Patient A, B and C experiences respectively oral allergy syndrome (OAS), a late onset of mild urticaria, and 

a severe systemic reaction after consuming hazelnuts. Blood taken from a non-allergic donor gave no activation of the 

basophils. 

  

A.1 A.2 

B C 
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Figure A.5- 2. LC-MS/MS results of the verum dilution series (Hazelnut peptide (R)INTVNSNTLPVLR(W) m/z 721.3 → 1013.7). 

Left: Standard curve of the verum dilution series. Right: Chromatographic peak of hazelnut peptide in verum sample and blanc 

Chapter 6 

Appendix 6.1.: Evaluation form DBPCFC milk 
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*** Pages will continue from week 1 day 1 until week 1 day 7 ***  
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*** Pages will continue from week 2 day 1 until week 2 day 7 *** 

 

*** Pages will continue from week 1 day 1 until week 2 day 7 *** 



Appendix 

254 
 

 

 


